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Sir: 

I, RAGHAVAN RAJAGOPALAN, declare as follows: 



1 . I am a named inventor in the above-identified patent application. 



2. I hold a Ph.D. in Organic Chemistry from Columbia University. I 
have 22 years of experience in the synthesis and use of compounds for medical 
diagnosis and therapy, which is the subject of the application. I have read the 
May 21 , 2004 Office Action and understand the position of the Examiner. 
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3. I participated in the December 13, 2004 personal interview with 
Examiner McKenzie. As I understood the Examiner, and as noted in the 
Interview Summary, the Examiner indicated that documents showing that each of 
the claimed structures of receptor binding molecules was art-recognized would 
overcome each of the following points in the May 21 , 2004 Final Rejection: 

• the 35 U.S.C. §112 TJ2 indefiniteness rejection made in point 5, 

• the 35 U.S.C. §1 12 fl1 enablement rejection made in point 7, and 

• the 35 U.S.C. §1 12 1J1 written description rejection made in point 8 

4. Although I respectfully disagree with the Examiner's position that 
such documents are required, and reaffirm my opinion that the application 
sufficiently enables and describes the claimed methods and that the claimed 
methods are sufficiently definite to one skilled in the art, solely to advance 
prosecution I submit an exemplary reference for each of (1 ) somatostatin 
receptor binding molecules, (2) heat sensitive bacterioendotoxin receptor binding 
molecules, (3) neurotensin receptor binding molecules, (4) bombesin receptor 
binding molecules, (5) cholecystekinin receptor binding molecules, (6) steroid 
receptor binding molecules, and (7) carbohydrate receptor binding molecules 
demonstrating each of these are known to one skilled in the art, and hence the 
specification sufficiently enables and describes the claimed methods, and that 
the claims are sufficiently definite. 
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5. I have attached the following references to this Declaration, noting 
these are exemplary only and respectfully requesting permission to supplement 
this list should the Examiner request more references from each group: 
SOMATOSTATIN RECEPTOR 

1 . C. Nunn. European Journal of Pharmacology 2003, 465(3), 
211-218. 

2. R.T. Bass. Molecular Pharmacology 1996, 50(4), 709-715. 
ST (HEAT-SENSITIVE BACTERIOENTEROTOXIN) RECEPTOR 

1 . S.A. Waldman. U.S. Patent No. 5,51 8,888 1 996. 

2. T. Okumura. Peptide Chemistry 1993, 31 st , 217-220. 
NEUROTENSIN RECEPTOR 

1 . D.A. Nugiel. Bioorganic and Medicinal Chemistry Letters 
1995, 5(11), 1203-1206. 

2. A. Sefler. Journal of Medicinal Chemistry 1995, 38(2), 249- 
257. 

BOMBESIN RECEPTOR 

1 . D.H. Coy. Journal of Biological Chemistry 1991 , 266(25), 
16441-16448. 

2. D.H. Coy. Journal of Biological Chemistry 1988, 263(1 1), 
5056-5060. 
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CHOLECYSTOKININ RECEPTOR 

1 . E. Sugg. Journal of Medicinal Chemistry 1 995, 38(1). 
207-211. 

2. A.R. Batt Bioorganic and Medicinal Chernistiy Letters 1994. 
4(7), 867-872. 

STEROID RECEPTOR 

1 . S.C. Conzen. Progress in Oncology 2003, 21 1-230. 

2. G. Teutsch. Biochemical Society Transactions 1991. 1 9(4), 
901-908. 

CARBOHYDRATE RECEPTOR 

1. M.Mazik. Tetrahedron Utters 2004, 45(15), 31 17-3121 

2. N. Kaila. Medicinal Research Reviews 2002, 22(6), 566*601 . 

I hereby declare that all statements made herein of my own 
knowledge are true and that all statements made on Information and belief are 
believed to be true; and further that these statements were made with the 
knowledge that willful false statements and the like so made are punishable by 
fine or imprisonment or both, under Section 1001 of Title 18 of the United States 
Code and that such willful false statements may jeopardize the validity of the 
subject application or any patent issued thereon. 

Date 



Raghavan Rajagopalan, Ph.D. 
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Abstract 

The availability of antagonist ligands for somatostatin receptors is very limited, with those that are available often displaying agonist 
properties or limited receptor subtype selectivity. Hay et al. [Bioorg. Med. Chem. Lett. 1 1 (2001) 2731] recently described the development 
of small-molecule somatostatin receptor subtype 2 (sst 2 ) selective compounds. This study investigates the .binding affinity and functional 
characteristics of two of those antagonists (2 and 3) and the agonist compound, from which they were derived (1). In radioligand binding 
studies using the agonist radioligands [ ,25 I][Tyr n ]SRIF-14 ^(Ala-G^ 

[ I25 I]LTT-SRIF-28 ([Leu 8 .DTrp 22 , ,25 T-Tyr 25 ]SRIF-28; Ser-Ala-Asn-Ser-Asn-Pro-Ala-Leu-Ala-Pro-Arg-Glu-Arg-Lys-Ala-Gly-c[Cys-Lys- 
Asn-Phe-Phe-DTrp-Lys-Thr-( 125 I-Tyr)-Thr-Ser-Cys]-OH), [ 125 I]CGP 23996 (c[Lys-Asu-Phe-Phe-Tip-Lys-Thr-( ,25 I-Tyr)-Thr-Ser]), [ 125 I] 
[Tyr^octreotide {DPhe-c[Cys-( 125 I-Tyr)-DTrp-Lys-Thr-Cys]-Thr-OH) and [ 125 I][Tyr l0 ]cortistatin-14 (Pro-c[Cys-Lys-Asn-Phe-Phe-Trp-Lys- 
Thr-( 125 I-Tyr)-Ser-Ser-Cys]-Lys) at human recombinant somatostatin receptors expressed in Chinese hamster lung fibroblast (CCL39) cells 
and native rat cortex, the compounds bound with high affinity (pA' d 6.8-9.7) and selectivity to human sst 2 receptors. Some affinity was also 
observed for sst 5 labelled by [ l25 I][Tyr']octreotide and [ 12:> I]CGP 23996. In functional studies at human sst 2 receptors expressed in Chinese 
hamster ovary (CHO) cells, both the agonist 1 and the two putative antagonists 2 and 3 concentration dependently inhibited forskolin- 
stimulated adenylate cyclase and stimulated luciferase reporter gene expression, with similar efficacy to the natural ligand somatotropin 
release inhibiting factor (SRIF)-14. Compound 1 had similar potency to SRIF-14, which was in the nanomolar range, whereas 2 and 3 were 
10- 100-fold less potent. The intrinsic activity of 2 and 3 was too high to allow antagonist studies to be carried out. In conclusion, in contrast 
to previous findings, all three compounds are potent agonists at recombinant human sst : receptors. 
€> 2003 Elsevier Science B.V. All rights reserved. 

. Keywords: Somatostatin; Somatostatin ssu receptor 2; Non-peptide antagonist: Luciferase; SRE (serum response element J; cAMP 
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1. Introduction 

Somatostatin (SRIF. somatotropin release inhibiting fac- 
tor) is expressed by neuroendocrine, inflammatory, immune 
and tumour cells, neurones and osteoblasts (for review, see 
Epelbaum et al., 1994). Its. first discovered role was as an 
inhibitor of growth hormone secretion from the anterior 
pituitary (Krulich et al., 1968; Brazeau et al., 1973), but it 
has since been shown to have many physiological inhibitory 
effects including modulation of neurotransmitter release in 
the brain, inhibition of endocrine and exocrine secretions 
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(such as thyroid-stimulating hormone and prolactin from the 
anterior pituitary, and insulin and glucagon from pancreas), 
and inhibition of cell proliferatioii|in normal and tumour 
cells (for review, see Patel, 1999). 

Somatostatin produces its effects via interaction "witfy 
specific cell-surface G protein -coup led receptors of which 
five subtypes have so far been cloned (somatostatin receptor 
subtype' 1-5 [sstj_ 5 ]; Hoyer et al., 1995). In rodents, die 
sst 2 receptor exists in two splice variant forms — sst 2ll and 
sst 2b (Vanetti et al., 1992; Schindler et al., 1998). From 
original operational studies, the receptors were classified 
into two group's— SRIF |, with high affinity for the short 
chain synthetic somatostatin analogues such as SMS 201 
995 (octreotide) and MK 678 (segiitidej, and SR1F 2 , which 
has high affinity for the analogue CGP 23996 (Rcubi, 1984; 
Tran et al., 1985: Raynor and Reisine, 1989; Martin et al., 
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1991; Raynor et aL, 1992). Subsequent molecular cloning 
and further pharmacological characterisation showed that 
SRTFj consists of sst 2( 3 ftnd 5 and SRIF 2 of sstj and 4 (Hoyer 
et aL. 1994). Somatostatin receptors modulate multiple 
cellular effectors via activation of heterotrimeric G-proteins. 
These include adenylate cyclase, phospholipase C, K + 
channels, Ca 2+ channels, Ser/Thr phosphatases and mito- 
gen-activated protein kinase cascades (PateL 1999). 

In any system where a single ligand can modulate 
numerous receptors and effectors, selective synthetic ligands 
arc essential; both as tools to elucidate physiological and 
biochemical effects mediated by individual receptor sub- 
types, and as potential therapeutic compounds. This is 
especially true for the somatostatin system where it is 
common for more than one receptor subtype to be expressed 
in the same cell (Patel, 1997). While somatostatin receptor 
subtypes have been characterised by molecular cloning and 
pharmacology, the availability of "selective" ligands for 
individual subtypes is still relatively limited. Early synthetic 
peptide analogues of somatostatin, such as octreotide, BIM 
23014, RC 160 and MK 678, bind to two or more receptor 
subtypes with similar high affinity (Raynor et ah, 1993; 
Hoyer et al, 1994; Siehler et aL, 1999). 

Merck scientists recently developed a series of non- 
peptide agonists with high affinity and selectivity for the 
individual somatostatin receptor subtypes (Rohrer et aL 
1998; Rohrer and Berk, 1999; Yang et al., 1998a,b). Of 
these, the sst 2 -selective L-054,522 has been shown to 
mediate inhibition of growth hormone release from rat 
anterior pituitary and glucagon release from rat pancreas 
at nanomolar concentrations (Yang et al., 1998a). The 
advantage of non-peptidic compounds is that they have 
potential for greater oral bioavailability than peptides that 
must be administered by subcutaneous or intravenous injec- 
tion (Yang et aL, 1998b) and, in most cases, have short 
duration of action and little, if any, brain penetration. 

However, receptor-selective antagonists are also needed, 
to conclusively prove that a particular receptor subtype 
mediates a particular physiological function of somatostatin. 
Unfortunately, at the present time, very few somatostatin 
receptor-subtype selective antagonists have been identified. 
With regards to sst 2 -selective compounds specifically, a 
number of antagonist l$ands have been have been reported 
(Bass et al., 1996; Baumbach et aL 1998; Hocart et al., 
1998, 1999) and have been used to distinguish effects of 
SRIF which are mediated by sst 2 , including inhibition of 
gastric acid release (Rossowski et al., 1998) and growth 
hormone release from pituitary cells (Hocart et aL 1999). 
However, these are all modifications of peptides, making 
them poor candidates for therapeutic or diagnostic use. 

Scientists at Pfizer have recently described a series of 
small sst 2 -selective non-peptide ligands, presented as antag- 
onists (Hay et aL, 2001a). These compounds are based on 
the structure of the Merck sst 2 -selective non-peptide ago- 
nists such as L-054,522 ( Yang et aL, 1998a) ; but have been 
modified to produce compounds that bind with nanomolar 



affinity to sst 2 and to behave as antagonists of SRIF- 14- 
mediated inhibition of vasoactive intestinal peptide (VIP)- 
stimulated cAMP accumulation. Their rationale for this 
study was that sst 2 -selective antagonists might be useful to 
upregulate growth hormone levels in livestock. 

Thus, the present study examines radioligand binding 
and functional properties of three compounds: 1, 2 and 3 
that correspond to compounds 6, 7e and 7a reported by Hay 
et al. (2001a). Compound 1 is the agonist from which the 
two putative antagonists 2 and 3 were derived. 

2. Methods 

2.7. Cell culture 

Chinese hamster ovary (CHO) and Chinese hamster lung, 
fibroblast cells, which have been engineered to express the 
iuciferase reporter gene under the control of the serum 
responsive element (CHO-SRE-Luci and CCL39-SRE-Luci' 
cells), expressing recombinant human somatostatin recep- 
tors, were cultured in Dulbecco's Modified Eagle's Medium/ 
Ham's F-I2 Nutrient Mix (1:1, glutamax I and pyridoxine, 
Gibco BRL), supplemented with 10% (v/v) foetal bovine 
serum (Gibco BRL), 100 ug ml" 1 Hygromycin B (Calbio- 
chem, La Jolla, CA, USA) and 100 u.g ml -1 geneticin 
sulphate (Gibco BRL) at 37°C, 5% C0 2 , 95% relative 
humidity. The cells were passaged every 2 days by washing 
with phosphate-buffered saline (Gibco BRL) and brief incu- 
bation with trypsin (0.5 mg ml" ')/EDTA (0.2 mg ml~ ') 
(Gibco BRL). For storage, the cells were resuspended in 
medium containing 10% (v/v) dimethyl sulfoxide and 20% 
(v/v) foetal bovine serum, and frozen in liquid nitrogen. 

2.2. Radioligand binding assay 

For rat cerebral cortex preparations, . rat brains were 
purchased from ANAWA Trading (Wangen, Switzerland), 
and cortex was dissected on ice and homogenised in 10 mM 
HEPES, pH 7.5, using a Polytron homogeniser at full speed 
for 45 s. The homogenate was centrifuged at 4°C for 20 min 
at 22,000 rpm (Kontron ultra-centrifuge, rotor TFT 50.38). 
The resulting supernatant was discarded and the pellet was 
resuspended in 10 mM HEPES, pH 7.5, and homogenisa- 
tion and centrifugation steps were repeated. The resulting 
pellet was resuspended in 10 mM HEPES, pH 7.5 (0.1 g 
original tissue ml" '), homogenised as before and frozen at 
-80 °C. 

For crude cell membrane preparations, cells were washed 
with 10 mM HEPES, pH 7.5, scraped off the culture plates 
with the same buffer and centrifuged al 4°C for 5 min at 
2500 x g. The cell pellet was either stored at - 80 °C or 
used directly. 

Cell/tissue membranes were resuspended in binding 
assay buffer (10 mM HEPES, 0.5% (w/v) bovine serum 
albumin, pH 7.5) by homogenisation with a Polytron 
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homogeniser at 50 Hz for 20 s. Final quantities used were as 
follows: rat cortex: 0.01 mg ml" CCL39 cells expressing 
recombinant human somatostatin receptors: 50,000 cells 
well" \ except sst 2 100,000 cells well" A total of 150 jil 
of cell or tissue homogenate was incubated with 50 uj of 
[ 125 T]LTT-SRIF-28 ([Leu 8 ,DTrp 22 , ,25 T-Tyr 2s ]SRIFr28; 
Ser-Ala-Asn-Ser-Asn-Pro-Ala-Leu-Ala-Pro-Arg-Glu-Arg- 
Lys-Ala-Gly-c[Cys-Lys-Asn-Phe-Phe-DTrp-Lys-Thr-( i25 I- 
Tyr)-Thr-Ser-Cys]-OH), [ 125 I][Tyr 3 ]octreotide (oPhe-c 
[Cys-( ,25 l-Tyr)-DTrp-Lys-Thr-Cys]-Thr-OH), [ l25 I]CGP 
23996 (c[Lys-Asu-Phe-Phe-Trp-Lys-Thr-( ,25 I-Tyr)-Thr- 
Ser]), [ 135 I][Tyr"]SRrF-14 (Ala-Gly-c[Cys-Lys-Asn-Phe- 
Phe-Trp-Lys-Thr-( 125 I-Tyr)-Thr-Ser-Cys]-OH) or 
[ !25 I][Tyr ,0 ]CST-l4 (2175 Ci mmoI"' ; 25-35 pM final 
concentration), in binding assay buffer containing MgCl 2 (5 
mM) (for rat cortex experiments using [ 12:> T][Tyr n ]SRIF-14, 
NaCl (1 20 mM) was used instead of MgCI 2 ), and the protease 
inhibitor bacitracin (5 ug ml" ] ) and either 50 ul assay buffer 
(total binding); SRIF-14 at a concentration of 10 uM (non- 
specific binding) or various test compound concentrations. 
Experiments were conducted in triplicate. Incubation was 
terminated after 1 h at room temperature by vacuum filtration 
through glass fibre filters pre-soaked in 0.3% polyethylenei- 
mine. The filters were washed three times with ice-cold 10 
mM Tris-HCl buffer containing 154 mM NaCl, pH 7.4, and 
dried. Bound radioactivity was measured in a pi-scintillation 
counter (Packard TopCount) using scintillation liquid (80% 
counting efficiency). Where not specified, chemicals were 
purchased from Sigma, 

2,3. Measurement of fors/colin-stimulated cAMP accumu- 
lation 

CHO cells stably expressing human sst 2 receptors and 
the luciferase reporter gene under the control of the serum 
responsive element (CHO-SRE-Luci-hsst 2 ) were grown to 
confluence in 24-well plates. The cells were incubated 
with 6 uCi ml" 1 of [ 3 H]adenine (23 Ci mmol" \ Anawa 
Trading) in 500 ul assay buffer (130 mM NaCl, 5.4 mM 
KCI, 1.8 mM CaCl 2 , 0.8 mM MgS0 4 , 0.9 mM NaH 2 P0 4> 
25 mM glucose, 20 mM HEPES, pH 7.4) for 2 h at 37 °C. 
Cells were washed twice with assay buffer containing 1 
mM isobutylmethylxanthine and incubated 1 at 37 °C in 1 
ml assay buffer containing isobutylmethylxanthine in the 
absence (basal stimulation) and presence of forskolin (10 
u.M) with various SRIF-14 or test compound concentra- 
tions. Experiments were conducted in duplicate. After 15 
min, medium was removed and replaced with 5% (v/v) 
trichloroacetic acid containing 100 uM ATP and 100 uM 
cAMP. 

After 30 min at : 4 °C, [ 3 H]ATP and [ 3 H]cAMP were 
separated from the trichloroacetic acid extracts by sequential 
chromatography on Dowex AG 50W-X4 and Alumina 
columns. Dowex columns were washed with 10 ml H 2 0 
and then loaded with cell extract and 3 ml H 2 0. The eluate 
([ 3 H]ATP) was measured in a ^-scintillation counter. The 



8-ml H 2 0 was loaded onto the Dowex columns; the eluate 
was loaded on Alumina columns, which had been washed 
with 0.1 M imidazole (10 ml) and the flow-through dis- 
carded. The [ 3 H]cAMP was eluted from the columns with 
0.1 M imidazole (6 ml) and measured in a [^-scintillation 
counter. Dowex columns were regenerated with 2 N HCI (10 
ml), the alumina columns with 1 M imidazole (5 ml). cAMP 
formation was calculated as the ratio cAMP/(cAMP + ATP) 
and data points were calculated as a percentage of the fors- 
kolin response (=100%). Where not specified, chemicals 
were purchased from Sigma. 

2.4. Luciferase assay 

CHO-SRE-Luci-hsst 2 cells were seeded at 60,000 cells 
well" 1 in 96-well plates. After 24 h, the medium was 
removed and the cells were washed once with phosphate- 
buffered saline and serum-deprived for 24 h in assay buffer 
(130 mM NaCl, 5.4 mM KCI, 1.8 mM CaCl 2 , 0.8 mM 
MgS0 4 , 0.9 mM NaH 2 P0 4 , 25 mM glucose, 20 mM HEPES, 
l% : (w/v) bovine serum albumin, pH 7.4). The cells were 
treated for 5 h at 37 °C, 5% C0 2 , 95% relative humidity with 
assay buffer alone (background) or containing various con- 
centrations of SRIF-14 or test compounds in triplicate. Ten 
percent (v/v) foetal bovine serum was used as a positive 
control to show that the SRE-Luci construct was functioning 
in the cells. Cells were lysed in 25 ul lysis buffer (25 mM 
Tris-phosphate, 2 mM DL-dithiothreitol, 2 mM 1,2-diami- 
nocyclohexane-AWAP Jtf -tetraacetic acid, 10% (v/v) glyc- 
erol, 1% (v/v) triton-X, pH 7.8) and, after 15 min, luciferase 
activity was measured using a Luminoskan luminometer by 
injection of 50 uJ luciferase reaction buffer (20 mM Tris, 1 .07 
mM Mg(C0 3 ) 4; 2.67 mM MgS0 4 , 0.1 mM EDTA, 33.3 mM 
DL-dithiothreitol, 0.27 mM coenzyme A, 0.47 mM o-luci- 
ferin, 0.53 mM ATP, pH 7.8). Measuring parameters: lag time 
0 s, total integration time 5 s. Activation (% increase over 
basal) was calculated as: activation (%)= 100 x [(experimen- 
xperimental -background)/background]. Where not speci- 
fied, chemicals were purchased from Sigma. 

2.5. Analysis of data 

Radioligand binding data were analysed by non-linear 
regression curve fitting with the computer program SCTF1T 
(De Lean, 1979) and p£ d was derived from this fit. Con- 
centration response curves were analysed by non- linear 
regression curve fitting using the programme Graph Pad 
Prism. Values of maximal effect and pEC 50 (- log 10 of the 
concentration producing half the maximal effect) were 
derived from this fit. Maximal responses of compounds 
were normalised to the maximal response induced by SRIF- 
14 alone (= 100%) and this was used as the £ max value 
(relative maximal effect). Results are given as means ± 
S.E.M. Statistical analysis was also carried out using Graph 
Pad Prism and unless otherwise indicated. Student's /-tests 
were used to analyse the data. 
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A 2{A = CH) . 

' 3 (A = N) 

Fig. 1. Structures of compounds 1 to 3. 

2.6. Ligands . 

[ 125 T][Tyr n ]SRTF-14, [ l25 I]LTT-SRIF-28, ['^[Tyr 3 Oc- 
treotide, [ 125 I][Tyr 10 ]corti$tatin-14 (Pro-c[Cys-Lys-Asn- 
Phe-Phe-Trp-Lys-Thr-( 125 I-Tyr)-Ser-Ser-Gys]-Lys) and 
[ 125 I]CGP 23996 were custom-synthesised by ANAWA 
Trading. SRIF-14 (Ala-Gly-c[Cys-Lys-Asn-Phe-Phe-Trp- 
Lys-Thr-Phe-Thr-Ser-Cys]-OH) was purchased from 
Bachem (Bubendorf, Switzerland). Compounds 1 to 3 were 
synthesised at Novartis according to published procedures 
(Hay et al, 2001a,b) (Fig. I). . 



3. Results 

3.1. Radioligand binding 

The binding potential of the compounds at human 
recombinant (expressed in CCL39 cells) and native rat 



Table 2 



Agonist effects of compounds ' 



Compound Forskol in -stimulated cAMP 


Luciferase expression 






accumulation 






S.E.M. 




S.E.M. 




pEC 5 « S.E.M. 


£ max S..E.M. 










SRIF-14 


9.79. 0.08 


100 


9.20 


0.11 


too 




1 


.9.81 0.13 


117.9 3.9 


8.99 


0.06 


124.5 


.9.9 


2 


7.89 0.06 


119.1 4.2 


6.90 


0.06 


122.5 


ii.o ; 


3 


8.20 0. IS 


117.5 4.4 • 


7.26 


0.07 


108.1 


8.3 



Inhibition of forskolin -stimulated cAMP accumulation and stimulation of 
luciferase expression in CHO cells expressing human sst : receptors. The 
data are expressed as pEC^i values (— logio of the molar concentration 
required for a half-maximal effect) and £ nU) „ (% stimulation of ihc maximal 
effect produced by SRIF-14). Data are listed as means ± S.E.M. of at icast 
four determinations. 

(cortex) somatostatin receptors was measured using the 
agonist radioligands [ 125 I][Tyr n ]SRTF-14, [ 125 1]LTT-SRTF- 
28, [ 125 I]CGP 23996, [ 125 I][Tyr 10 ]CST-14 and [ 125 I] 
[Tyr 3 ]octreotide (Table 1). Compounds 2 and 3 displayed 
some selectivity for sst 2 over sstj , sst 3 and ssta with 
affinities (pK A ) for sst 2 of 6.82-8.92 (2) and 6.99-8.23 
(3), depending on radioligand and tissue used. These values 
are 10- 100-fold lower than those reached by the natural 
tetradecapeptide SRIF-14. Compound 1 was more sst 2 - 
selective than 2 and 3 with p£ d values (8.4-9.7) 100- 
10,000-fold greater than for sst], sst 3 or sst 4 sites, which 
were similar to those of SRIF-14. The three compounds 
showed radioligand-dependent affinities for sst 5 , which 
were relatively high for [ 125 I]CGP 23996- and [ 125 I] 
[Tyi^octreotide-labelled sites (7.17-7.97 and 7.34-8.24, 
respectively), but considerably lower for [ 125 1]LTT-SR1F- 
28- and [ 125 I][Tyr 10 ]CST-14-labelled sites (5.95-6.90 and 
5.58-6.46, respectively). We therefore decided to examine 



Table 1 

Affinity of compounds 1, 2 and 3 for somatostatin receptors, cither native in rat cortex or human recombinant expressed in CCL39 cells 



Receptor 


Ligand 


Receptor, tissue/cells 


1 




2 




3 










pA'c 


' S.E.M, 


P*d 


S.E.M. 


P*'d 


S.E.M. 


SSt j 


[ 125 I][Tyr n ]SRIF-l4 


rat, cortex 


5.33 


0.13 


5.01 


0.20 


5.02 


0.0? 




[ 125 I]LTT-SRlF-28 


human, CCL39 


5.55 


0.02 


5.26 


0.04 


5,24 


0.02 




[ 125 I]CGP 23996 


human, CCL39 


5.73 


0.04 


5.51 


0.06 


5.44 


. 0.02 




[ ,25 I][Tyr 10 ]CST-l4 


human, CCL39 


5.35 


0.04 


5.23 


0.01 


5.24 


0.02 


SSt 2 


[ ,25 I][TyrV=treotide 


rat, cortex 


8.40 


0.03 


6.82 


0.06 


6.99 


0.10 




[ ,25 lJ[TyrVtreotide 


human. CCL39 


8.98 


0.14 


, 7.74 


0.10 


7.82 


0.10 




[ l25 l]LTT-SRIF-28 


human, CCL39 


9.25 


0.01 


7.73 


0.02 


7.72 


0.03 




[ ,25 1]CGP 23996 


human, CCL39 


9.66 


0.10 


7.94 


0.04 


8.03 


0.09 




[ l25 I][Tyr ,0 ]CST-14 


human, CCL39 


9.47 


0.19 


8.92 


0.13 


8.23 


0.06 


ssb 


[ 125 I]LTT-SRIF-28 


human. CCL39 


6.61 


0.03 


5.57 


0.04 


6.13 


0.02 




[ 125 1]CGP 23996 


human, CCL39 


7.08 


0.12 


6.08 


0.11 


6.85 


0.06 




[ 125 l][Tyr ,0 ]CST-14 


human. CCL39 


6.62 


0.10 


5.51 


0.08 


6.06 


0.14 


sst 4 


[ l25 I]LTT-SRIF-28 


human. CCL39 


6.88 


0.04 


6.62 


0.10 


6.62 


0.04 




[ ,25 1]CGP 23996 


human, CCL39 


6.41 


0.02 


6.29 


0.02 


6.05 


0.02 




[ ,25 I][Tyr ,0 ]CST-i4 
[ ,25 l][Tyr>crreotide 


human. CCL39 


5.58 


0.20 


5.66 


0.21 


5.29 


0.2 


sst 5 


human. CCL39 


8.24 


0.06 


7.34 


0.05 


8.17 


0.03 




[ ,25 I]LTT-SRIF-28 


human. GCL39 


6.90 


0.10 


5.95 


0.09 


6.84 


0.01 




1 ,25 I1CGP 23996 


human, GCL39 


7.93 


0.07 


7.17 


0.09 


7.97 


0.09 




[ I25 l][Tyr ,0 ]CST.]4 


human. CCL39 


6.43 


0.01 


5.58 


0.04 


6.46 


0.02 



The data are listed as pA' d values ± S.E.M. of i; = at least three independent values. 
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the functional effects of the compounds on ssto receptors to 
test for possible agonism and/or antagonism, : 

3.2. Forskolin-stimulated adenylate cyclase 

SRIF-14 inhibited forskolin-stimulated adenylate cyclase 
in CHO cells expressing human sst 2 receptors in a concen- 
tration-dependent manner with maximal inhibition of 
55,7 ± 3.2% and high potency (pEC 50 : 9,79 ± 0.08) (Table 
2. Fig. 2). All three compounds inhibited forskolin-stimu- 
lated adenylate cyclase with greater relative efficacy than 
SRIF-14 (£ max : 117.913.9%, 119.1 ±4.2% and 
11 7.5 ± 4.4%o relative intrinsic activity; 1, 2 and 3, respec- 
tively). Compound 1 was as potent as SRIF-14 (pEC 5 o: 
9,81 ± 0.13), while 2 and 3 were 10- to 40-fold less potent 
than SRIF-14 (pEC 50 : 8.89 ± 0.06 and 8,20 ±0.18, respec- 




log[compound1('Mj 

Fig. 2. Inhibition of forskolin-stimulated adenylate cyclase activity in CHO 
cells stably expressing human sst 2 receptors. [ 3 H j Adenine- loaded cells were 
incubated at 37 °C in the absence (basal) and presence of forskolin and the 
indicated concentrations of SRIF-14 («) and (A) 1 «>), (B) 2 (O) and (C) 3 
(A). After 15 min, cells were lyscd, and [ 5 H]ATP and [*H]cAMP fraction 
were separated by sequential chromatography. Data is expressed as 
percentage of the forskolin response (=100%). All plots represent one 
example of at least three experiments. 




B 



log[compound](M) 



a, 1 50 




-12 -II 



log[compound](M) 




-12 -11 .10 -9 



log[compound](M) 

Fig. 3. Stimulation of luciferase reporter gene activity in CHO cells stably 
expressing human sst 2 receptors. Cells were incubated at 37 °C, 5% CO2, 
95% relative humidity with triplicates of the indicated concentrations of 
SRIF-14 (■) and (A) 1 (O). (B) 2 (O) and (C) 3 (A). Cells were lysed after 
5 h and luciferase activity was measured using a luminometer. Data is 
expressed as percent stimulation of maximal SRIF-14 effect. All plots 
represent one example of at least three experiments. 



tively). The relative efficacy of the compounds was too high 
to enable antagonist properties of the compounds against 
SRIF-14 mediated inhibition of forskolin-stimulated adeny- 
late cyclase to be measured. 

3.3. Luciferase expression 

SRIF-14 produced a concentration-dependent increase in 
luciferase expression in CHO cells expressing human sst 2 
and the luciferase reporter gene under the control of the 
serum responsive element (pEC 50 : 9.20 ± 0.1 1), with max- 
imal stimulation of five- to six-fold over basal levels (Table 
2, Fig. 3). As in forskolin-stimulated adenylate cyclase, all 
three compounds had similar/greater relative efficacy to 
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SRIF-14. Compound 1 was as potent as SRIF-14 (pEC 50 : 
8.9910.06), while 2 and 3 were 100- to 200-fold less 
potent (pEC 50 : 6.90 ±0.11 and 7.26 ± 0.0.7, respectively). 
Potency was significantly lower than that measured in 
forskolin-stimulated adenylate cyclase for all three com- 
pounds (P< 0.0001, n> 12). The intrinsic efficacy of the 
compounds was too high to enable antagonist properties of 
the compounds against SRIF-14-mediated stimulation of 
luciferase expression to be measured. 



4. Discussion 

The neuropeptide/neurohormone somatostatin exerts its 
effects via binding to specific G-protein coupled receptors, 
of which five subtypes have been shown to exist by 
molecular cloning. The five subtypes may be expressed in 
the same tissue and even cell, and therefore the availability 
of receptor-subtype-selective agonist and antagonist ligands 
would be extremely useful, as tools to elucidate the phys- 
iological contribution of individual receptor subtypes. 
Unfortunately, very few receptor subtype-selective ligands 
have been developed thus far (for review, see Harmon et al,, 
2002). 

A recent publication reported the structures of a number 
of compounds which were reported to be sst 2 antagonists 
(Hay et al., 2001a). These compounds are non-peptides and 
are based on the structure of the non-peptide somatostatin 
receptor subtype selective agonists recently developed at 
Merck (Rohrer et al., 1998; Rohrer and Berk, 1999; Yang et 
al., 1998a), which have been shown to mediate inhibition of 
growth hormone release from rat anterior pituitary, and 
glucagon release from rat pancreas at nanomolar concen- 
trations (Yang et al., 1998a). 

Thus, the aim of the present study was to further 
characterise the properties of three compounds from the 
study by Hay et al. (2001a) — the initial agonist compound, 
1, which was the lead compound for antagonist develop- 
ment, and two of the antagonists, 2 and 3 (corresponding to 
compounds 6, 7e and 7a, respectively, in the paper by Hay 
et al., 2001a). 

In radioligand binding studies in native rat cortex, and in . 
CCL39 cells expressing recombinant human somatostatin 
receptors, al) three compounds bound with high (nanomolar) 
affinity to sst 2 receptors, with 1 having 10- 100-fold higher 
affinity than 2 and 3. This is in agreement with Hay et al. 
(2001a), who report \C$ 0 values of 0.26, 2.9 and 3.2 nM for 
1, 2 and 3, respectively, and this was similar to affinity 
values for the natural peptide ligand SRIF-14. While all 
three compounds were selective for sst 2 over sst lt 3 and 4 , 
they also bound with high affinity to [ 125 I][Tyr 3 ]octreotide- 
and [ l25 I]CGP 23996-labelled sst 5 sites, suggesting that they 
may not be entirely selective for sst 2 . The compounds 
displayed somewhat lower affinity for sst 5 labelled by 
[ l25 I]LTT-SRIF-28 and [ 125 I][Tyr l0 ]CST-14; however, we 
have previously shown this to be the case for a number of 



ligands including octreotide, L362,855 and cprtistatin, and 
we suggested that this may be caused by some ligands 
having higher affinity for receptors, which are in a G- 
proteiivcoupled state ([ 125 T][Tyr 3 .]octi-eotide- and [ l25 l]CGP 
23996-labelled sites), than for receptors which may be less 
well coupled to G-proteins ([ 125 I]LTT-SRTF-28- or [ 125 T] 
[Tyr 10 ]CST-14-labelled sites; Siehler et al., 1999), 

In functional studies, namely measurement of inhibition 
of forskolin-stimulated adenylate cyclase and agonist-driven 
expression of the luciferase reporter gene, both the agonist 
and, surprisingly, the two 'antagonists* displayed full ago- 
nist properties. Thus, 1 was a full agonist with potency and 
efficacy similar to that of SRIF-14, as shown previously. 
Compounds 2 and 3 were also full agonists, but had lower 
potency than SRIF-14. All three compounds were more 
potent at inhibiting forskolin-stimulated adenylate cyclase 
than stimulating luciferase expression, which may be less 
well coupled. 

Due to the high intrinsic efficacy of the compounds, we 
could not measure antagonist potential and would therefore 
conclude from these data that in our system these com- 
pounds are in fact agonists rather, than antagonists. This is 
in contrast to what has previously been reported for these 
compounds. 

It is possible that the differences observed are due to 
differences in the systems used in this study: we are using 
recombinant human sst 2 receptors expressed in CHO cells, 
whereas previous cAMP experiments were carried out in rat 
pituitary GH 4 C] cells which may have different comple- 
ments of G-proteins and enzyme isoforms. Interestingly, we 
have found that in mouse pituitary AtT-20 cells, 2 has only 
very low potency in forskolin-stimulated adenylate cyclase 
(6.61), although still with high relative efficacy '(88% of 
SRIF-14 response; Cervia et al. in press). Therefore, the 
compound may have lower affinity and agonist potential at 
rodent receptors than at human receptors. Alternatively, the 
recombinant system used in this study may be "overex- 
pressed", causing an agonist response to be observed, when 
in natural systems (AtT-20 and GH 4 Cj) where receptor 
density and coupling efficiency may be lower, the com- 
pounds are antagonists, although this is more normal for 
compounds which have a tendency to be partial agonists, 
even in recombinant systems, unlike the full agonism 
demonstrated by these compounds. 

Alternatively, it is possible that the compounds are 
producing antagonism through a mechanism, which is not 
mediated by sst 2 receptors. Previously, the binding affinity 
at other receptors was not established as the compounds 
were tested in mouse neuroblastoma Neuro 2 A cells which 
naturally express mainly sst 2 receptors, but may also express 
very low amounts (10% of total binding sites) of sst 3 and 
sst 5 (Koenig et al. } 1997). The Neuro 2A cells used in that 
study had also been transfected with porcine sst 2 (Hay et al., 
2001a). In our binding studies, the compounds bind to both 
sst 2 and sst 5 receptors with high affinity, suggesting a 
possible antagonist action at sst 5 . However, this does not 
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account for. the antagonism shown previously in GH 4 C| 
cells where sst, and sst 2 are the. predominant receptors 
(Plorio et aL 1994; Gu et al., 1995). 

Finally, it is possible that the antagonism displayed pre- 
viously by these compounds is not mediated via somatostatin 
receptors, but a receptor for another neuropeptide or other 
neurotransmitter. The antagonism of somatostatin-mediated 
effects shown previously was assumed, from a reversal of 
somatostatin-mediated inhibition of VIP-stimulated cAMP 
accumulation. However, this effect could equally be caused 
by a VFP agonist as a somatostatin antagonist or by an effect 
(either antagonistic or agonistic) at another receptor, which 
causes an increase in cAMP. As the GH 4 C] cells used in that 
study are cells derived from pituitary tumours (Tashjian, 
1979; Dorflinger and Schonbrunn, 1983), they are likely to 
endogenously express receptors for any number of neuro- 
peptides and neurotransmitters. It is perfectly possible for a 
compound to have agonist/antagonist properties at different 
receptors-as shown recently by Liu et al. (2000), who 
synthesised a compound which bound with high affinity to 
both somatostatin and tachykinin NK| receptors, acting as an 
agonist at somatostatin receptors, but as an antagonist at 
tachykinin NKi receptors. 

In summary, putative sst 2 -selective agonist and antago- 
nist compounds were characterised in in vitro systems. 
While the agonist compound is indeed a highly sst 2 -selec- 
tive compound with potency similar to that of SRIF-14, the 
two antagonists that were tested both exhibited agonist 
properties in forskolin-stimulated adenylate cyclase and 
stimulation of luciferase expression, and may also show 
significant activity at sst 5 receptors. 
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SUMMARY 

The study of the Ave somatostatin receptor subtypes (SST*. 
where x is the subtype number) has been hampered by the lack 
of high affinity antagonists. Potent and selective antagonists 
would increase our understanding of SST structure, function, 
and regulation. In this study, the identification of novel disul- 
fide-llnked cyclic octapeptide antagonists of somatostatin is 
described. The antagonists contain a core structure of a dl- 
cystelne pair at positions 2 and 7 of the peptides. Substitution 
of a t>-cysteine at position 2 with an i-cysteine converts the full 
antagonist into a full agonist. All somatostatin receptor sub- 
types are coupled to inhibition of adenylate cyclase. The func- 
tional properties of these peptides have beert determined in 



radioligand binding assays, in functional coupling of the SST 2 
subtype to yeast pheromone response pathway, and in cAMP 
accumulations. One peptide antagonist [Ac-4»N0 2 -Phe-c{o- 
Cys-Tyr-D-Trp-Lys-Thr-CysJ-D-Tyr-NHJ displays a binding af- 
finity to SST 2 comparable with that observed for the native 
hormone (K ( = 0.2 nM) and reverses somatostatln-mediated 
inhibition of cAMP accumulation in rat somatomammotroph 
GH^C, cells, cells transfected with the SST 2 and SST a subtypes, 
as well as somatostatin-stimutatBd growth of yeast cells express- 
ing the SST 2 subtype. This class of somatostatin antagonists, 
which are the first to be described, should be useful for determi- 
nation of somatostatin's diverse functions in vivo and in vitro. 



The cyclic tetradecapeptide somatostatin is a potent regu- 
lator of endocrine function by inhibiting the secretion of 
growth hormone from the pituitary, glucagon and insulin 
from the pancreas, and gastrin from the gut. Somatostatin 
also functions as a neurotransmitter and a neuromodulator 
in the central nervous system and peripheral tissues (1). The 
effects of somatostatin are transduced through binding of the 
hormone to high affinity, G protein-coupled somatostatin 
receptors (SST,, where x ia the subtype number) encoded in 
five distinct subtypes (2). These five different subtypes ac- 
count for the majority of tissue-specific differences in re- 
sponse to somatostatin (3-9). SSTs modulate the activity of 
several different classes of effector molecules, including acti- 
vation of potassium channels, serine/threonine and tyrosine 
.phosphatases, Na*/H* antiportere, and inhibition of calcium 
channels and adenylyl cyclases by transducing the signal 
from receptor to the effector through G proteins (10-18). 

Somatostatin's central role in regulating endocrine func- 
tion has made it an important research target Many highly 
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active analogs have been described; the comparative simplic- 
ity of many of these molecules, along with the availability of 
the receptor subtypes, has made somatostatin an excellent 
model for probing peptide-receptor interactions; Veber and 
his co-workers demonstrated that only four of the amino add 
residues in somatostatin were required for full activity. Their 
general strategy has been to retain the crucial Phe 7 -r>Trp 8 - 
Lys°-Thr 10 segment (somatostatin numbering) and incorpo- 
rate a variety of cyclic and bicyclic restraints to stabilize the 
0-type EL turn about the conserved residues (19). The cyclic 
SST^/SSTs-selective hexapeptide, MK678 (Table 1), is a su- 
peragonist with 50% greater potency than somatostatin. A 
disulfide bond can also stabilize a 0-turn. This ultimately led 
to the discovery and development of the potent, long-lasting 
somatostatin agonist SMS 201-995 (octreotide) by Bauer et 
al. (20). This octapeptide skeleton has become an excellent 
template for analog synthesis and a variety of potent soma- 
tostatin analogs have been prepared. Ceaetal., Murphy et ai> 
and Weinants et aL studied extensively the related disulfides 
and described the biological activity and conformation of 
numerous potent agonists (21-23). Among their most active 



ABBREVIATIONS: SST t somatostatin receptor, S-14, somatostatln-14; SRIF, somatostatin response inhibitory factor; FMOC, 9-fiuorenyime- 
thoxycarbonyt; DMSO, dlmethytsulfoxlde; TFA, trifluoroacetlc acid; EDT t ethanedtthlol; EGTA, ethylene glycol bisO-aminoethyl eXher)-N,NW,N'- 
tetraacetic acid; SC, synthetic complete; HEK, human embryonic kidney; HEPES, 4-(2-hydroxyethyt)-1-plperazlneethanesulfonlc acid. 
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Ala-Gly^[Cys-Lys-Asn-Phe 6 -Phe-Trp B -Lys-7hr-Phe-Thr-Ser-CysJ-OH 

c[N-Me-Ala-Tyr-D-Trp-Lys-Val-Thr] 

H 2 N-D-Phe-c[Cys-Phe-D-Trp-Ly3-Thr-CysI-Thr-ol 

H 2 N-D-Phe-c[Cys-Tyr-D-Trp-Lys-Ser-Cys)-Nal-NH 2 

H 2 N-D-Phe-c[Cys-Tyr-D-Trp-LyB-Val-Cy8]-Thr-NH 2 

H 2 N-D-Phe-p-N0 2 -Phe-Tyr-D-Trp-Lys-Val-Phe-Thr-NH 2 

H 2 N^-N0 2 -Phe«c[Cy3-Tyr-D-TT>Lys-Val-Cy8]-Tyr-NH 2 

H 2 N-4-NO r Phe-c[D-Cys-Tyr-D-Trp-Lys-Val-Cys]-Tyr-NH z 

AcNH-4-N0 2 -Ph&-c[Cy8-Tyr-D-Trp-Ly8-Thr-Cys)-Tyr-NH 2 

AcNH^NOi-Phe^p-Cys-Tyr-D-Trp-Lys-Thr-CysI-Tyr-NHa 

H z N^-N0 2 -[>Phe-cP-^s-Tyr-D-Trp-Lys-Val-C^]-Tyr-NH2 
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TABLE 1 

Structures of somatostatin peptide analogs 

MK-678 

SMS 201 -995 

NC4-28-B 

RC-160 

BIM-23066 

1 

2 

3 

4 

5 



agonists were RC-160 (21) and NC4-28-B (23) (Table 1), 
which are closely related to octreotide. More recently, Raynor 
et al. have shown that linear peptides (e.g., BIM-23066) also 
can bind to the somatostatin receptor, and these compounds 
exhibit subtype selectivity (24). Throughout the development 
of these highly potent somatostatin iigands, however, none 
has yet been described that is an effective antagonist of 
somatostatin. Potent antagonists would be a useful pharma- 
cological tool for studying somatostatin actions and poten- 
tially enhancing the secretion of growth hormone, insulin, 
and other hormones. 

Experimental Procedures 

Materials. Protected amino acids and 1-hydroxy-benzotriazole 
were purchased from SNPE, Inc. (Princeton, NJ); FMOC-p-nitrophe- 
nylalanine and FMOC-D-tyrosine were purchased from Bachem Bio- 
science (King of Prussia, PA); FMOC-D-cysteine was purchased from 
Advanced Chemtech (Louisville, KY); dimethylformamide was pur- 
chased from Baxter (Edison, NJ); piperidine, TFA, EDT, and diiso- 
propylyethylamine were purchased from Aldrich Chemical (Milwau- 
kee WI); BOP was purchased from Richealieu Biotechnologies 
(Montreal, Quebec, Canada); anhydrous ether and DMSO were pur- 
chased from J. T. Baker (Phillipsburg, NJ); leupeptin was purchased 
from Bachem (Philadelphia, PA); aprotinin, bacitracin, and benza- 
midine were purchased from Sigma (St. Louia, MO) and 125 I- 
Tyr 11 S-14 was purchased from Amersham (Arlington Heights, IL). 

Peptide synthesis. The automated, continuous-flow, solid-phase 
synthesis of peptides was carried out on FMOC-PAL-PEG resin 
(Millipore, Burlington, MA) in a Millipore 9050 Peptide Synthesizer 
by standard protocols. Free peptides (0.3 mmol) were cleaved from 
the resin by stirring in 30 ml of 5% EDT in TFA for 4 hr at 25°. The 
resin was removed by filtration, the TFA evaporated and the crude 
peptide was precipitated with anhydrous ether. 

The cyclic disulfide was formed by stirring the crude peptide in 
250 ml of DMSO (26) (20*60%) in water for 24-48 hr at 25° until the 
solution was negative to Ellman's reagent (26). DMSO and water 
were evaporated and the crude cyclic peptides were purified by High 
performance liquid chromatography on a C18 column (300 A, 12 mm, 
21.4- X 250-mm column (Rainin Instruments, Woburn, MA) with a 
linear gradient of acetonitrile in 0.1% TFA in water. The fraction 
containing the peptide was evaporated and the residue was lyophi- 
lized. Homogeneity was confirmed by reversed-phase analytical high 
performance liquid chromatography (>98%) and electrospray mass 
spectrometry. Yields ranged from 9% to 27%. 

Cloning and expression of somatostatin receptor subtypes* 
The cloning and expression of rat SST U SST 3 , and SST 5 have been 
described previously (15, 27, 28). Rat SST 8 cDNA was cloned using a 
polymerase chain reaction-based strategy, 2 SST X , SST 2 , and SST 8 
were expressed in Chinese hamster ovary cells. SST 5 was expressed 
in HEK 293 cells. 



a R. T. Bass, B. L. Buckwalter, B. P. Patel, M. H. Pausch, L. A. Price, J. 
Strnad, and J. R. Hadcock, manuscript in preparation. 



Membrane preparation. Crude plasma membranes were pre- 
pared according to Hadcock et al. (29). Cells were detached from 
plates with phosphate-buffered saline, pH 7.4, and 2 mM EDTA and 
centrifuged at 1500 X g for 10 min at 4°. Cells were then resuspended 
in 10 ml of homogenization buffer (1 mM sodium bicarbonate, pH 7.4, 
1 mM EDTA, 1 mM EGTA, 6 ix&ml leupeptin, 6 jig/ml aprotinin, 100 
Mg/ml bacitracin, 100 /ig/mi benzamidine) for 10 min on ice. The cells 
were lysed in a glass/glass dounce homogenizer (20 strokes). The 
lysates were centrifuged at 1500 x g for 10 min at 4°. The superna- 
tant was centrifuged at 40,000 X g for 20 min at 4°. This step was 
repeated twice. The pellet was then resuspended at 1-5 mg/ml in 
binding buffer (50 mM HEPES, pH 7.4, 5 mM MgClj, 0.25% bovine 
serum albumin) and stored at -80°. 

Radioligand binding. All radioligand binding assays were per- 
formed in 96-well micro titer plates using binding buffer that con- 
tained protease inhibitors (5 /xg/ml leupeptin, 5 pg/ml aprotinin, 100 
fig/ml bacitracin, and 100 *tg/ml benzamidine). Ufi I-Tyr 1L S-14 
(150,000 cpm at 2,000 Ci/mmole, 250 pM final concentration). The 
final volume was 200 ftl/well. All incubations were carried out at 25° 
for 2 hr. Free radioligand was separated from bound ligand by rapid 
filtration through a glass fiber filter (IH-201-HA) using an Inotech 
cell harvester. The filter was then washed several times with cold 
(4°) binding buffer without bovine serum albumin and protease 
inhibitors before counting in an LKB y master counter (Wallac, 
Gaithersburg, MD) (78% efficiency). 

oAMP accumulations. cAMP accumulation was measured in 
intact GH 4 C L cells and cells that express SST 2 and SST C subtypes as 
described previously (27). Inhibition of cAMP accumulation was 
measured in the presence of 10 fjM forskolin. Cells were detached 
from plates and suspended in Krebs-Ringer phosphate buffer con- 
taming 2 mM CaCl 2 and 100 jim isobutylmethylxanthine. Reactions 
(50,000 cells per assay tube) were allowed to proceed for 15 min at 
37 s and were terminated by the addition of 1 N HCL The samples 
were then heated for 3 min at 100° and neutralized with 1 N NaOH. 
Amounts of cAMP in each sample were determined as described by 
Hadcock e*a/. (30). 

Yeast expression. Assay of stimulation and inhibition of growth 
of yeast in response to somatostatin receptor agonists and antago- 
nists was performed as described (31) except that 0.2% sucrose was 
added to improve growth conditions. LY268 cells were plated in agar 
medium in the absence (agonist plate) or presence (antagonist plate) 
of 100 nM S-14. Somatostatin analogB (in 5 pd of DMSO) were applied 
to the plates directly or on sterile filter disks. The plates were then 
incubated at 30° for 48 hr. 

Data analysis. All data were analyzed using GraphPAD Prism 
(San Diego, CA) and are presented as the mean ± standard deviation 
unless otherwise noted. K { values were determined using the equa- 
tion of Cheng and PrusofF (32). 

Results and Discussion 

Raynor et al. reported recently a series of linear peptides 
that exhibited subtype selectivity (24). One of these analogs, 
BIM-23066 (Table 1), contained a 4-N0 2 -Phe residue. BIM- 
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23066 has an affinity for the SST 2 that is comparable with 
related peptides in described in Table 1 but had a very weak 
effect on growth hormone levels. We believe this suggests an 
analog with potential antagonist properties. In earlier work 
in our laboratories with related D-Cys\Cys 8 cyclic octapep- 
tidee, compounds that ultimately proved to be agonists, we 
noted that substitution of the aromatic side-chain residues of 
position 2 or 3 of these related analogs frequently led to 
substantial increases in affinity for the SST 2 . 

We decided to investigate the effect of substitution of the 
corresponding aromatic Bide chains in the related Cys 2 , Cys 7 
octapeptide series (1-5). Bauer et at, Cai et aZ., Murphy etal., 
and Weinanta et aL have shown that this backbone is an 
effective ligand for the SST 2 . In addition to a clearly demon- 
strated utility in the somatostatin series, we were intrigued 
by the apparent utility of this scaffold for preparing agonists 
and antagonists of a variety of other. G protein-coupled pep- 
tide receptors. Hruby et al. developed oxytocin antagonists 
that use a cyclic disulfide scaffold (33), Pelton et aZ. (34) and 
Walker et aZ. (35) have independently demonstrated that 
molecular modification can convert a potent cyclic disulfide 
somatostatin agonist with weak binding to opioid receptors 
into potent /^-selective opioid antagonists with little residual 
somatostatin activity. More recently, Orbuch et al. followed a 
similar strategy to convert a somatostatin agonist into a 
neuromedin B antagonist (36). The last two receptors were 
particularly interesting because their endogenous ligands 
are linear peptides, not cyclic disulfides. Thus, there seems to 
be sufficient structural homology among these seven mem- 
brane-spanning G-protein-linked peptide receptors to accom- 
modate the 20-membered cyclic peptides at the binding Bite; 
receptor selective agonist/antagonist properties can be con- 
ferred by optimizing the side-chain structure and the stere- 
ochemistry of the amino acidB. The role of the Bide chains in 
relation to the peptide backbone has been explored and em- 
phasized by several groups (37, 38). 

We report herein the preparation of two pairs of cyclic 
disulfide somatostatin analogs, 1-2 and 3-4, which differ 
primarily at position 6 (octapeptide numbering). The former 
pair have a valine residue at position 6, whereas the latter 
have a threonine residue and the amino terminus is acety- 
lated. Both valine and threonine are known to produce so- 
matostatin agonists; valine generally exhibits higher affinity 
binding (39). iV-acetylation did not qualitatively alter their 
properties. 

Three different assays were used to characterize the phar- 
macological properties of these peptide analogs in vitro: com- 
petition binding assays with individual somatostatin recep- 
tor subtypes (Table 2), cAMP accumulation assays in rat 
GH 4 C 1 Bomatomammotroph cells and cells that express the 
SST 2 and SST 6 subtypes (Table 3), and a novel yeast-based 
expression system for SST 2 subtype (31). 

Competitive binding with 128 I-Tyr ll S-14 to cloned 
SST subtypes. Both pairs (1-2 and 3-4) of diBulfide-linked 
somatostatin ligands (Table 1) bound SST 2 and SST B sub- 
types. Three of the peptides, 1, 3, and 4 (Table 2) all bind to 
the SST 2 with affinity comparable with that of S-14. Only 2, 
which contained the D-Cys 2 , l-Cvb 7 , and Val 6 exhibited 
weaker binding affinity than did S-14. Likewise 2, 3, and 4 
all bind to the SST e with affinity better than that of S-14. The 
Ki values for all the compounds at both subtypes ranged from 
0.1 to 18 nM. In the Val 6 series, the L-Cys,i^Cys analog 1 had 



TABLE 2 

Binding affinities to SST subtypes for peptide analogs In the 
current study 

Membranes from CHO or HEK 293 write expressing the SST 2 (CHO), SST 3 (CHO), 
and SST B (HEK 293) subtypes were prepared. The ability of increasing concen- 
trations of each compound (10~ 12 m to 10~ e m) to displace 125 l-Tyr 11 -S-14 (50 
fmol, 250 dm) was examined In membranes prepared from the cell expressing 
each subtype. For each value. 3 /xg of protein/tube was used for SST 3 and SST A , 
and 1 0 fig of protein/lube for SST 1 and SST 6 . Displayed are the means of two or 
three determinations, each performed In duplicate. The standard deviations for 
each determination are < 10% of the mean. 

Radioligand binding 

Compound — 

SS^ SST* SST 3 SST 8 



K t (flM) 



S-14 


0.2 


0.2 


0.1 


5 


1 


>10 3 


0.2 


300 


0.1 


2 


>10 3 


12.9 


>10 3 


18.1 


3 


>10 3 


0.1 


^o 3 


22 


4 


>10 3 


0.3 


10 2 


2.5 


5 


n.ch 


17.3 


n.d 


0.42 



n.d., not determined. 



TABLE 3 

Inhibition of cAMP accumulation in Intact GH 4 C 1( CHO, and HEK 
cells and yeast data for peptide analogs 

The values for Inhibition of cAMP accumulation for the peptides at 1 concen- 
tration in QH 4 C 1 ceils, CHO cells transfected with the SST 2 receptor, and HEK 
edits transfected with 8ST 5 receptors are presented relative to that observed for 
1 pM S-14, where the actMty of 1 S-14 is 1 . Relative activity « (cAMPlr*^,*,, 
- IcAMPlp^tw^cAMPlonKoHn - [cAMP] 9 _ M . Yeast activity was scored on a 
qualitative 1-5 scale based on the radius of the zone of growth {agonist screen) 
or lack of growth (antagonist screen). Positive numbers were active in the agonist 
screen and negative numbers were active In the antagonist screen. AD determi- 
nations are the means of at least three independent experiments. The standard 
deviations for each determination are <10% of the mean. 

cAMP accumulation 

Compound Yeast 





GH 4 C, 


SST ? (CHO) 


SST 3 (HEK) 




S-14 


1.00 


1.00 


1.00 


+5 


1 


0.73 


0.81 


0.94 


+3 


2 


0.11 


0.12 


0.29 


-5 


3 


0.95 


1.02 


1.00 


+4 


4 


0.03 


0.06 


020 


-5 


5 


0.42 


n.d. 


n.d. 


-2 


2 + SRIP 


n.d. 


0.16 


0.51 




4 + SRIP 


n.d. 


0.10 


0.36 




Basal 6 


6±3 


10 


6 




Forskolin c 


110 ± 15 


147 


185 




SRIF + forskolin" 


44 ± 9 


88 


115 





n.d., not determined. 

• 1 fiM peptide + 10 nM S-14. 

b Control cAMP levels (pmol/10 6 cells ± standard deviation) for three experi- 
ments. 

e Forskolin (10 ^m) stimulated cAMP levels (pmol/10 6 cells ± standard devia- 
tion). 

rf Reversal of forskolin (10 jim) stimulated cAMP levels by 1 \oa S-14 (QH 4 C t ) 
or 10 nM S-14 (SST 2 or SSTg) (pmol/10* cells £ standard deviation). 



much higher affinity for both subtypes than the D-Cys^-Cys 
peptide 2. There was essentially no selectivity for either 
subtype. In the Thr 6 series, however, the stereochemistry of 
Cys 2 had little effect on receptor affinity for both subtypes. 
For 3 and 4, there was a distinct preference for the SST 2 . 
Inversion of the configuration at the first residue (2 versus 5) 
caused a marked increase in the affinity for the SST B com- 
pared with the SST 2 . In contrast, the binding affinities of the 
analogs was poor against SST Z and SST 3 subtypes. In gen- 
eral, the K t values were in the high nanomolar to low micro- 
molar range for SS r T 1 and SST 3 . 
Somatostatin receptor subtypes have been subdivided into 
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two groups: SRIF subgroups 1 (SST 2 , SST 3) SST 6 ) and 2 
(SST 1 !, SST 4 ). The work of Raynor et al (24) has shown that 
the SST 3 subtype has an intermediate affinity for short pep- 
tide analogs compared with SST X (poor affinity) and SST 2 
(high affinity). Our findings are in agreement with these 
observations: we have found that these peptides exhibit high 
affinity for the SST 2 and SST B and much lower affinity for 
the SSTi and SST 3 subtypes. 

cAMP data. To determine the functional properties of 
these somatostatin ligands, cAMP accumulations were per- 
formed in rat GH^ Bomatomammotroph cells (Table 3; Fig. 
1). Based upon purification of somatostatin receptors from 
rat GH 4 C a cells, SST 2 iB the predominant subtype expressed 
by these cells (40). The peptides that contained a L-Cys 2 ,L- 
Cys 7 pair, 1 and 3, inhibited forskolin-stimulated cAMP ac- 
cumulation (Table 3) with efficacy similar to that observed 
for S-14, which suggests that both 1 and 3 were full agonists. 
To further characterize the functional properties of 1 and 3, 
dose-dependent inhibition of cAMP accumulation was per- 
formed in GE^Cx cells and both analogs inhibited forskolin- 



stimulated cAMP accumulation in a dose-dependent manner. 
Maximal activity was comparable with that of somatostatin 
(Fig. 1, Band D). 

In contrast, the compounds that contained a D-Cys 2 ,i^Cys 7 
pair, 2 and 4, caused little inhibition of cAMP accumulation 
(11% and 3% of S-14 activity, respectively) despite exhibiting 
high affinity binding to the SST 2 . Dose titrations (Fig. 1, A 
and C; dark bars) indicated that 2 and 4 exhibit little, if any, 
agonist activity. However, when the dose titrations were 
carried out in the presence of somatostatin (Fig. 1, B and D; 
light bars) both readily reversed S-14 mediated inhibition of 
cAMP accumulation in a dose-dependent manner, which sug- 
gests that these two analogs are, in fact, somatostatin antag- 
onists. Similar results were obtained in GH 4 C X cells that 
express the rat A 2ft adenosine receptor and with use of aden- 
osine agonists rather than forskolin to stimulate cAMP ac- 
cumulation (data not shown). 

The effect of the two antagonists on somatostatin-mediated 
inhibition of cAMP accumulation was examined in S-14 doBe- 
response curves. In the absence of antagonist, ED 60 values 



2 




LOG 10 [ANALOG 3], M ANALOG 4 (nM) 

Flfl, 1 . Comparison of the functional properties of somatostatin analogs In GH^ somatomammotroph cells. The ability of somatostatin analogs 
1-4 to inhibit forskolin-stimulated cAMP accumulation in intact cells was examined. Rat Gr^C, somatomammotroph cells were challenged with 
5 jim forskolin and increasing doses of analogs 1 (A), 2 (B), 3 (C), and 4 (D). Analogs 2 and 4 were also tested in the presence of 10 nM S-14 (B 
and D). cAMP accumulations were performed as described in Experimental Procedures. Displayed is a representative experiment performed either 
two times (analogs 1 and 3) or three times (analogs 2 and 4) with equivalent results. 
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(half-maximal inhibition of the S-14 response) of somatosta- 
tin-mediated inhibition of cAMP accumulation was calcu- 
lated to be 10 nM (Fig. 2, A and B). The presence of 2 (1 jim) 
shifted the S-14 dose response curve to the right by 40-fold, to 
0.4 ^lm, whereas the presence of 4 (1 mm) shifted the S-14 dose 
response curve to the right by 600-fold, to 6 /iM. From these 
curves, ED^ values were calculated to be 90 nM for 2 and 15 
nM for 4. Neither analog decreased the maximal inhibition of 
cAMP accumulation mediated by S-14, which suggests that 
both 2 and 4 are acting as competitive antagonists. 

Analogs 1-4 were also tested for their ability to inhibit 
forskolin-induced elevation of cAMP in CHO cells tranafected 
with SST 2 and in HEK 293 cells tranafected with SST 6 (Table 
3). In general, the results parallel those observed in the 
Gr^Cx cells. Both 2 and 4 reversed S-14 antagonism of 
forskolin-induced elevation of cAMP. The reversal was more 



60-1 




T 

-5 



-8 -7 -6 
LOG [S-14] 
■ S-14 ED 50 = 9nM 
a S-14 + 153520 EDso 21 0-4 MM 




LOG [S-14] 

■ S-14 EDso=11 nM 

a S-14+ 154806 ED 5 o=6[xM 

Rg. 2. Somatostatin analogs 2 and 4 reverse the dose-dependent 
inhibition of cAMP accumulation by S-14 In rat GH 4 C, somatomam- 
motroph cells. The ability of analogs 2 and 4 to antagonize S-14 
mediated inhibition of cAMP accumulation was examined in rat GI^C, 
somatomammotroph cells. Cells were challenged wtth 5 jim forskolin 
and increasing concentrations of S-1 4 (1 0" 10 to 1 0~ 4 m) In the absence 
or presence of 1 jim analog 2 (A) or analog 4 (B). cAMP accumulations 
were performed as described in Experimental Procedures. Displayed Is 
a representative experiment performed three times with equivalent 



complete with the SST 2 subtype. These peptides may be 
showing some partial agonist activity at the SST 6 . 

The key difference in both pairs of compounds is the ste- 
reochemistry of Cys 2 : D-Cys 2 analogs are antagonists at the 
SST 2 , whereas L-Cys 2 analogs are agonists. A second impor- 
tant element required for antagonist activity is the stereo- 
chemistry, but not the substitution, on Phe 1 . Replacement of 
4-N0 2 -Phe 1 with 4-N0 2 -D-Phe 1 produced peptide 5, which 
had properties similar to 2 in the cAMP accumulation assay 
but was unable to reach the same efficacy exhibited by S-14. 
This activity is consistent with substantial partial agonist 
activity. 

Yeast Data. A navel yeast-based expression system for the 
characterization of individual peptides played an important 
role in this study. A distinct advantage of the yeast expres- 
sion over mammalian systems is the expression of only one 
receptor and one heterotrimeric G protein. Thus, the proper- 
ties of the receptor-ligand interaction may be assessed with- 
out complication from contaminating receptor subtypes. The 
rat SST 2 , when expressed in yeast, exhibited radioligand 
binding properties that are similar to those it expressed in 
mammalian cells and functionally coupled to the yeast pher- 
omone response pathway (31). The yeast expression system 
provides a functional readout in response to agonist (growth) 
or antagonist (inhibition of growth) properties of a particular 
somatostatin analog. This response is manifested by an ob- 
servable zone of growing yeast cell around the site of the 
agonist administration. In this manner, agonists of varying 
affinity and potency may be assayed. Because concentration 
varies with the square of the radius as it diffuses radially 
from the site of the application, small changes in the radius 
of the growth zone correspond to large differences in the 
affinity of a particular compound for the SST 2 . Similarly, the 
extent to which cells grow within the zone is related to the 
potency of a particular compound. To assay the effects of 
compounds with potential antagonist activity, it was neces- 
sary to add S-14 (100 nM) to the agar, which stimulated the 
growth of all cells within the plate. Application of an antag- 
onist blocked the growth-promoting effect of S-14, which 
yielded a clear zone in an otherwise uniform lawn of growing 
yeast cells. Because compounds that are toxic would be ex- 
pected to produce a similar response, all compounds reported 
herein were tested for growth inhibitory activity that was not 
receptor-dependent. None of the compounds exhibited toxic 
effects. 

Based on the yeast bioassay, analogs with the L-Cys 2 ,L- 
Cys 7 pair (1 and 3) were potent agonists (Fig. 3). AnalogB 
with a D-Cy8 2 ,L-Cys 7 pair (2 and 4) display potent antagonist 
properties. The compound with a D-Phe 1 residue (5), which 
seemed to be a partial agonist in the cAMP accumulation 
assay, seemed to be a weak antagonist in the yeast screen. 
The data agree well with results obtained from cAMP accu- 
mulation studies in mammalian cells. 

cAMP versus yeast The combination of three assays 
(radioligand binding, cAMP, and yeast bioassay) allows for 
both quantitative characterization of molecular properties as 
well as qualitative high-throughput evaluations of the func- 
tional properties of large numbers of novel somatostatin li- 
gands. We have used all three assays for the discovery of 
novel somatostatin antagonists. The radioligand binding as- 
says and cAMP accumulations are well-established quanti- 
tative assays. Unfortunately, functional assays, like the 
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ANTAGONIST ASSAY 



S-14 3 



4 



1 2 



Rg. 3. Yeast-based bioassay of SST Ifgands. The activity of compounds described herein were assayed in an agar plate bioassay modified from 
that reported in Price ef a/. (31). Overnight liquid cultures of LY266 [containing the SST 2 (29)) cells in 2 ml of SC medium containing glucose (2%) 
and lacking tryptophan and uracil were centrifuged, resuspended in 5 ml of SC liquid medium containing galactose (2%), sucrose (0.2%), and 
lacking tryptophan and uracil, and was Incubated overnight at 30°. Cells (2 x 10 s ) were dispersed in 30 ml of SC-galactose (2%), sucrose (0.2%) 
agar medium lacking tryptophan, uracil, and hlstldlne (adjusted to pH 6.8 with concentrated KOH before autoclaving and equilibrated to 50°) and 
poured In a 10- x 10-cm sterile Petri plate. For the antagonist assay, S-14 was added to a final concentration of 100 nM before plating. After 
allowing the agar to harden, 5-/il samples of the designated compounds (1 mM In DMSO) were pipetted onto the surface (agonist assay) or onto 
sterile filter disks placed on the surface of the agar (antagonist assay). The plates were incubated at 30° for 48 hr. Right, identities of the applied 
compounds. 



cAMP accumulation aasay, are relatively time consuming 
and not generally suited for large-scale, rapid screening. The 
yeast assay complements these traditional assays because it 
is rapid and provides functional data. A large number of 
analogs can be screened to identify candidates for further 
screening in more laborious quantitative assays. 

These data are all consistent with the hypothesis that 2 
and 4 are selective antagonists of the SST 2 subtype. The key 
difference between these antagonists and the numerous ago- 
nists previously described are the D stereochemistry of Cys 2 
and the l stereochemistry of residue 1. In our studies, 4 was 
the most potent antagonist; the binding affinities were equal 
to somatostatin but exhibited virtually no residual agonist 
behavior. The affinity for the receptor is equivalent to soma- 
tostatin, and both functional assays, cAMP accumulation and 
yeast-growth, are consistent with full antagonism of SST 2 
subtype. To our knowledge, this is the first full antagonist of 
somatostatin to be identified. This should provide a valuable 
tool for studying this receptor in vitro and in vivo. 
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PREPARATION OF NEUROTENSIN ANALOGS WITH A NOVEL PRO-TYR 



Abstract. Synthesis of novel Neurotensin (NT) 9-13 analogs is described. The Pro-Tyr sequence of NT (9-13) 
was replaced with a 1-m-aminophenyl-l -benzyl urea template, substituting two amino acids with a simple 
substituted urea linkage. 

Introduction. Neurotensin (NT) 1 is a 13 amino acid peptide (pGlu-Leu-Tyr-Glu-Asn-Lys-Pro-Arg-Arg-Pro- 
Tyr-He-Leu) found distributed throughout the central and peripheral nervous system. Several biological properties 
are attributed to NT including analgesic, 2 psychotropic, 3 and hypothermic 4 actions. NT is more potent than 
morphine when administered by i.c.v. route. 5 In addition, NT has been linked with the biology of schizophrenia 
where depressed levels of NT in the cerebrospinal fluid are found. 6 As a result, a selective NT agonist may have 
therapeutic benefits in treating schizophrenia and pain. 

Several groups have reported smaller fragments of NT (1-13) with similar activity. The minimal native 
sequence needed for full biological activity is the C-terminal hexapeptide (Arg-Arg-Pro-Tyr-Ile-Leu), NT (8-13). 
Several studies show similar activity with the NT (8-13) fragment when compared to the complete sequence NT 
(1-1 3). 7 In additional is possible to replace the Arg-Arg N-terminal fragment in NT (8-13) with Lys without a 
significant loss of binding affinity. 8 Other studies have explored the replacement of amino acids from the NT (8- 
13) fragment with simple heterocycles to increase metabolic stability and bioavailability. 9 

This report describes the preparation of novel NT analogs using the NT (9-13) Lys-Pro-Tyr-Ue-Leu 
sequence as a starting point . Our efforts centered on the Pro-Tyr section of NT (9-13). By replacing the Pro-Tyr 
fragment with a simpler entity, we could increase the compound's metabolic stability, improve bioavailability, and 
possibly modulate its agonist or antagonist properties. 
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Modeling studies performed on NT (9-13) showed the Pro-Tyr fragment would be a good replacement 
target, 10 A simple m-disubstituted benzene induces a similar type of bend as seen in the native peptide while 
aligning the other residues in a desirable orientation relative to NT (9-13). Introduction of a />-hydroxybenyI 
substituent would mimic the Tyr side chain. A recent report 1 1 showed compound 1 had good biological activity 
in the NT binding assay, and was shown to have agonistic properties in a functional assay. We hoped to improve 
the activity of J and further simplify the molecule by replacing the carbon linker of the aniline ring with a nitrogen 
atom. Additional modeling studies indicated the urea linkage would slightly alter the desired bend angle, but 
would retain the necessary binding elements in a similar orientation compared to 1. Forming a urea linkage would 
also remove a chiral center and simplify the synthesis. 



Scheme 1 a 




c,d,e 




•Reagents and conditions : a) p-Benzyloxybenzaldehyde, Na(CN)BH 3 , MeOH, 0 e C (90%); 
b) diphosgene, THF, 0 6 C, then H 2 NlleLeuOBn, reflux (85%); c) SnCI 2 , EtOH, reflux (90%); 
d) Boc(Z)Lys, DCC, CH 2 CI 2 ,25 °C (90%); e) H 2 , 10% Pd/C (95%). 

Chemistry. A representative approach to these analogs is shown in Scheme 1. Reductive amination of p- 
benzyloxybenzaldehyde with m-nitroaniline introduced the Tyr-like fragment in good yield. Activation of this 
secondary amine with diphosgene and coupling with the dipeptide fragment H-Ile-LeuOBn gave compound 2 in 
77% overall yield. The nitro group was reduced using SnCl 2 . The resulting amine was coupled to the Lys portion 
of NT (9-13) using a standard dicyclohexylcarbodiimide (DCC) promoted coupling reaction. At this point it was 
also possible to introduce reduced amide bond surrogates. Substituting the DCC coupling reaction with a reductive 
amination, using Boc(Z)Lys aldehyde, led to the reduced amide bond surrogate 5. Finally, catalytic hydrogenation 
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removed the three protecting groups (benzyl ether, benzyl ester, and Cbz) in one pot to give the desired compound 
3. The Boc protecting group was left intact on these compounds. Previous studies showed increased hydrolytic 
stability and blood-brain-barrier penetration with NT (9-13) analogs carrying a large lipophilic N-terminal 
protecting group. I 2 

Table 1 




BOCHN 
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K|(^iM) 


1 








0.029 
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OH 
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1.25 


4 


OH 
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2-fluoro 


2.20 
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OH 


H, H 
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0.73 
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0.89 
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OH 
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4-fluoro 


>10 



Results and Discussion. Compounds were evaluated in a NT binding assay 13 and the results are shown in 
Table 1. Although the compounds do not bind with similar affinity to the NT receptor as our model compound 1, 
they still show submicromolar activity. Replacing a sp 3 carbon, with a sp 2 hybridized nitrogen effects the angle of 
the bend we originally tried to mimic. The bend angle, induced by the urea linkage, mostly effected the Lys 
residue's orientation when compared to compound 1. The reduced amide bond surrogate 5 shows a slight 
increase in affinity. The resulting increased mobility of the Lys moiety, allows it to adopt a more favorable 
conformation and increase binding afinity. Attempts at gaining additional hydrogen bond interactions, using 
fluorine substitution on the aromatic ring, reduced the binding affinity. It is also possible to replace the Tyr 
phenolic hydroxyl group with a fluorine atom with positive results. Compound 6 shows a slight increase in 
binding relative to compound 3. This may ultimately improve, the pharmacokinetic profile of these compounds. By 
replacing an undesirable metabolic handle (substituting F for OH), we may decrease the clearance rate of 
subsequent analogs and increase bioavailability. 
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Conclusion. We presented a series of nuerotensin analogs with a novel Pro-Tyr replacement having 
submicromolar binding affinities. This study shows the ability to replace two amino acids in the NT (9-13) 
sequence with a simple 1-m-arninophenyl-l -benzyl urea template and retain binding affinity. The synthetic scheme 
is straightforward and high yielding starting from simple commercially available materials. It also allows for 
generating a wide variety of compounds by varying the amino acids in the subsequent coupling reactions. 
Additional analogs need to be made to fully exploit this finding. The preparation and evaluation of such 
compounds is in progress and will be reported in due course. 

Acknowledgments. We would like to thank the CNS pharmacologists at DuPont Merck Pharmaceuticals for 
providing the binding assay data. In addition, we thank Tom Maduskie for helpful discussions. 
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Neurotensin (NT) is a linear tridecapeptide with a broad range of central and peripheral 
pharmacological effects. The C-tenninal hexapeptide of NT (NTe-ia) has been shown to possess 
similar properties to NT itself, and in fact, an analogue of NT 8 -i3 (N a MeArg 8 -Lys-Pro-Trp-Tle- 
Leu 13 , Tie = terf-leucine) has been reported to possess central activity after peripheral 
administration. Cyclic derivatives of this hexapeptide were synthesized by a combination of 
solution and solid-phase peptide synthetic methodologies, and several analogues had low 
nanomolar binding affinity for the NT receptor. In particular, cyclo[Arg-Lys-Pro-Trp-Glu]- 
Leu (cyclized between the a amine of Arg and the y carboxylate of Glu) possessed 16 nM NT 
receptor affinity and was determined to be an agonist in vitro. X H-NMR and 13 C-edited 1 H- 
NMR spectroscopy were performed on this and related cyclic analogues to help identify 
structural properties which may be important for receptor recognition. These cyclic peptides 
represent novel molecular probes to further investigate NT receptor pharmacology, as well as 
to advance our understanding of the structure— conformation relationships of NT and to help 
establish a working basis for additional pharmacophore mapping studies. 



Introduction 1 

Neurotensin (NT, pGlu^Leu^Tyi^-Glu^Asn^Lys 6 - 
Pro 7 -Arg 8 -Arg 9 -Pro 10 -Tyr 11 -Ile 12 -Leu 13 ) is a linear tri- 
decapeptide that was originally isolated from the bovine 
hypothalamus. 2 NT is found in high concentrations in 
the ileum and the hypothalamus and has a broad range 
of biological effects including hypotension, analgesia, gut 
contraction, and increase of vascular permeability 3 ~ 6 
In addition, NT has been shown to possess pharmaco- 
. logical properties similar to dopamine antagonists that 
are effective antipsychotics. 6 

NT is one member of a family of biologically active 
peptides that includes xenopsin (pGlu-Gly-Lys-Arg-Pro- 
Trp-Ile-Leu, isolated from the skin of Xenopus laevis) 7 
and neuromedin N (Lys-De-Pro-Tyr-Ile-Leu, isolated 
from the porcine spinal cord). 8 Both of these peptides 
interact with the NT receptor 9 * 10 arid are homologous 
with the C-terminal hexapeptide of NT (NT 8 -i3> Arg 8 - 
Arg-Pro-Tyr-Le-Leu 13 ). 

Historically, the design and syntheses of NT ana- 
logues, including fragment derivatives and prototypic 
cyclic congeners, dates to the very important work of a 
number of research groups, as exemplified by Can-away 
and Leeman, 11 Folkers et al., n Rivier et al., iz > u St-Pierre 
et al} h Bayer et al., 16 Quirion et al., 11 Kitabgi et al, l% 
Jolicoeur et al., ls and Clineschmidt et a/. 20 In particular, 
these pioneering studies provided the first systematic 
analysis of NT in terms of the structure-activity 
relationships (SAR) of the critical NT9-13 message 
sequence and provided insight to the structure- 
conformation properties of both the native peptide and 
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a NT6-13 analogue. More recently, NT research has 
focused primarily on the C-terminal pentapeptide or 
hexapeptide sequence to further advance structure- 
activity studies and NT-based drug discovery, vide infra. 

Both NT and NTs-is fail to cross the blood-brain 
barrier when administered intravenously (iv) or orally, 5 
and their relatively short in vivo half-lives have prompted 
a search for metabolically stable analogues for further 
evaluation. Reduced peptide bond analogues (W[CH 2 - 
NH]) of NTs-is have shown increased stability, espe- 
cially when the Arg 8 — Arg 9 bond was modified. 21 " 24 In 
addition, it has been reported that a modified NTs-i3 
hexapeptide (1, N^eAr^-Lys-Pro-Trp-Tle-Leu 13 , Tie = 
tertf-leucine) 25 binds to the NT receptor with low nano- 
molar affinity. Interestingly, this compound possessed 
central nervous system (CNS) activity after peripheral 
administration, suggesting that it may cross the blood- 
brain barrier and be metabolically stable. 25 " 27 

NT has been suggested to have a role in the effects of 
antipsychotic drug action. Enhanced NT levels have 
been found in the cerebrospinal fluid of a subpopulation 
of schizophrenic patients undergoing antipsychotic drug 
therapy versus a control group. 28 Antipsychotic drugs 
have also been shown to increase NT immunoreactivity 
in the brain and levels of NT messenger RNA in the 
rat. 29 Thus, NT agonists could potentially be a novel 
class of antipsychotics. Such compounds could replace 
current anti-dopamine therapies, since they may not 
possess the extrapyramidal side effects and tardive 
dyskinesia. 30 Also, the antinociceptive effects of NT are 
of interest, since they are not associated with the 
respiratory depression and addictive properties of the 
opiates. 31 

The three-dimensional solution conformation of NT 
has been ; studied by two-dimensional proton NMR 
spectroscopy in water and methanol, but due to its 
inherent flexibility Uttle structural information was 
■ obtained. 32 In NT 8 -i3, the replacement of the Pro 10 - 
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Table 1. N-Terminal to Side Chain Cyclized Neurotensin and Related Analogues 



no. 



compound 



constraint 



NT binding (± SEM)° (nM, KO 



1* N^eA^-Lys-Pro-Trp-Tle-Leu 13 

2 cyclo[Arg®-Lys-Pro-Trp-Glu]-Leu 13 

3 (ryclo[Arg 8 -Lys-Pro-Trp-Asp]-Leu 13 

4 cydofArgfi-Lys-Pro-Trp-Glul-Gly 13 

5 cydotAr^-Ala-Pro-Trp-Glul-Leu 13 

6 cyclo[Arg a -Lys-Pro-Trp-Glu 12 ] 

7 cyclo[Arg 8 -Pro-Trp-Glu]-Leu 12 

8 ^MeAr^-cyclotLys-Pro-Trp-Tle-Asp 13 ] 

9 cyclo[Gly-N a MeArg 8 -Lya-Pro-Trp-Asp]-Leu 13 

10 cydo[Gly-N a MeArg 8 -Lys-Pro-Trp-Glu]-Leu 13 

11 cydo[N a MeArg fi -Lys-ProTrp-Glu]-Leu 13 

12 cydotD-A^-Lys-Pro-Trp-D-GluJ-Leu 13 

13 cydotA^-Lys-Pro-Trp-HgW-Leu 13 



a.NH 2 (Arg)-r-C02H(Glu) 

a-NH 2 (Arg>-*^-C02H(Asp) 

a-NH 2 (Arg)-y-C02H(Glu) 

a-NH 2 (Arg>-y-C02H(Glu) 

a-NH 2 (Arg)-*y-C02H(Glu) 

a-NH 2 (Arg)-y-C02H(Glu) 

^NHa(LyBH8-COaH(Asp) 

a-NHa(GlyH9-COaHCAsp) 

a-NHjaCGlyh-y-COzHCGlu) 

a-NH(MeArg)-*y-C02H(Glu) 

a-NH 2 (D-Arg)— y>C02H(l>Glu) 

a-NH a (Apg>-^-CP2H(Hgl' 1 ) 



0.67 ± 0.03 
16 ±4 
910 ± 25 
250 ± 13 
> 10000 
> 10000 

340 ±8 
> 10000 

560 ±44 
, 28 ±11 
700 ± 20 
>10000 c 

830 c ± 175 



a n = 6 (number of replicate determinations) unless otherwise noted: 6 See refs 25, 26, 27, and 39. c n = 3. d Hgl = homoglutamic add. 
Table 2. N-Terminal to Side Chain Cyclized Neurotensin Analogues and Corresponding Linear Analogues 



compound 



constraint 



NT binding (± SEM)° (nM, KO 



2 - cydotAi^-Lys-Pro-Trp-Glul-Leu 13 

14 ^AcA^-Lys-Pro-Trp-Gln-Leu 13 

11 cydo^MeArgS-Lys-Pro-Trp-GluJ-Leu 13 

15 N^eA^-Lys-Pro-Trp-Glu-Leu 13 



a-NH 2 (Arg)— y-CO^Glu) 
none 

a-NH(MeArg)^-C02H(Glu) 
none 



16 ±4 
260 ± 80 
700* ± 20 
> 10000* 



° n = 6 (number of replicate determinations) unless otherwise noted. 6 n = 3. 



Tyr 11 dipeptide with /J-turn mimetics has suggested the 
presence of a ^-turn-like structure, but overall there is 
a paucity of information about the biologically active 
conformation of NT or its C-tenninal hexapeptide. 33 * 35 
Recently, we have systematically investigated the Pro 10 - 
Tyr 11 sites of the; NTg-i3 analogue 1 by incorporating a 
series of backbone and/or side chain modified amino 
acids which induced striking biological effects in vitro 
and in vivo. 21 In order to prepare conformationally rigid 
analogues of NTs-i3 and further understand the three- 
dimensional pharmacophore, we have synthesized a 
series of cyclic derivatives of the linear hexapeptide 1. 

Several approaches were undertaken to obtain a cyclic 
NTs-is analogue that possessed high binding affinity for 
the NT receptor. Previous NTs-i3 structure-activity 
relationships have indicated residues that are critical 
for receptor recognition. For example, an alanine scan 
of NTs-13 suggested 36 the relative importance of the 
individual amino acid side chains to be as follows: Leu 13 
> Tyr 11 » lie 12 > Arg 9 > Pro 10 > Arg 8 . Friagment 
studies also suggested 13-16 the requirement of at least 
one basic residue, since NTs- 13 and NT9-13 have similar 
binding affinities, while the NT10-13 fragment has much 
lower affinity. Finally, a free C-tenninal carboxylate 
also appears to be essential for high receptor affinity 
since the NTs-13 C-terminal amide has 2 orders of 
magnitude less binding. 36 

Given this information, we replaced the Tie 12 of 
compound 1 with either a glutamic acid or aspartic acid 
residue. These substitutions provided a free carboxylate 
for cyclization via a lactam bridge, to either the Lys 9 
side chain or the N-terminal amine, without removal 
of the important C-terminal carboxylic acid moiety. The 
preferred stereochemistry of the side chains forming the 
lactam bridge was also explored. Furthermore, alanine 
and glycine substitutions were incorporated to probe the 
importance of individual side chains. In several pep- 
tides glycine was added to the N-terminal Arg 9 and 
cyclized through the side chain carboxylate of position 
12 to increase the flexibility of the lactam bridge. The 
Leu 13 residue was replaced with aspartic acid such that 
the cyclic head^to-tail compound could be prepared to 



and/or the free C-terminal carboxylate. Finally, cyclic 
disulfide-containing peptides were prepared for com- 
parison with the corresponding cyclic lactams. 

Results and Discussion 

The side chain to N-termihus and side chain to side 
chain cyclics were prepared and cyclized on a solid 
support. Utilizing an iV^-f-Boc (terf-butyloxycarbonyl) 
protection strategy for the solid phase synthesis, the side 
chain carboxylates of Asp 12 or Glu 12 were protected as 
Fmo (9-fluorenylmethyl) esters. For the side chain to 
side chain cyclic analogues, the Lys 9 side chain was also 
Fmoc protected and was simultaneously deprotected 
along with the Asp 12 or Glu 12 side chain using piperi- 
dine. Cyclization on the resin takes advantage of the 
self-diluting effects of the resin. 37,38 Each peptide chain 
is isolated by the polymeric matrix such that the 
cyclization can occur rapidly and with less oligomeric 
byproducts. In general, for the cyclic neurotensin 
analogues prepared in this study on resin cyclization 
led to crude products that were relatively pure and 
easily isolated by subsequent RP-HPLC. 

Neurotensin Receptor Binding Studies. Table 1 
illustrates the NT binding affinity for compounds cy- 
clized from the N-terminus to a side chain carboxylate. 
Compound 2 is the most potent analogue with 16 nM 
binding for the NT receptor. This is only 20-fold less 
potent than the linear NTs-is analogue (compound 1), 
from which these compounds were designed. In the 
preparation of compound 2, the a amine of Arg 8 of 
compound 1 was incorporated in the lactam reducing 
the overall basicity of the molecule. Previously, it has 
been reported that Ac-Arg 8 -Lys-Pro-Trp-Tle-Leu 13 ex- 
hibited similar affinity for the NT receptor (1.4 nM) as 
compound 1, suggesting that the loss of the N-terminal 
backbone basic group does not alone account for the 
differences in NT binding affinity of compounds 1 and 
2. 39 In addition, compound 14, was prepared as an 
acyclic control of compound 2 (Table 2) is 20-fold less 
potent than compound 2. This suggests that cyclization 
provides peptide 2 with an entropic advantage for 
binding. The linear analogue of compound 11, com- 
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Table 3. N-Terminal to C-Terminal Cyclized Neurotensin Analogues 




no. compound constraint 


NT binding (± SEM)° (nM, KO 


16 cyclo[Arg«-Lys-Pro-Trp-Tle-Leu 13 3 a-NH 2 (Arg>-a-C02H(Leu) 
x i cy cioiArg^-Jjy s-rro- lyr- x le-jjeu j u-i>t H2\A* g/^ 1 ^ vain-ueu; 
18 cydotLys 9 -Pro-Trp-Tle-Leu 13 ] a-NHaysh-a-COaHCLeu) 


410 ± 106 
350 ± 158 


0 n == 6 (number of replicate determinations) unless otherwise noted. 6 n = 9. 




Table 4. Side Chain to Side Chain Cyclized Neurotensin Analogues 




no. ■ compound constraint 


NT binding (± SEM)° (nM, J&) 


19 N a MeArg 8 -^clo[Ly8-Pr6-Trp-Glu-Leu 13 ] t-NH^CLys)— y-CO^HCGlu) 

20 N a MeArg 8 -cyclo[D-Lys-Pro-Trp-Glu.Leu 13 ] €-NH 2 (Lys)-y-C02H(Glu) 

Ol VTnl / A A fl ^.mIaIT <m *D*.a TV.. r» Pin T niilSl J? XTTJ^/'T TTQ \ nlI_OfY.TTYfl1n ^ 

21 rs a MeArg°-cycioLL<ys-rro- irp-D-Cxiu-.beu AU j e-iNi^ijys; - ^-i^U2tivijiuj 

22 ^MeAr^^dotD-Lys-Pro-Trp-D-Glu-Uu 13 ] e-NH 2 (Lys)-*y-C02H(Glu) 


770 ± 26 
8500 ± 500 
t son -u 1 ^9 

2500* ± 200 


0 n — 6 (number of replicate determinations) unless otherwise noted. b n = 9. 




Table 5. Disulfide Side Chain to Side Chain Cyclized Neurotensin Analogues 




no. compound constraint 


NT binding (± SEM)° (nM, KJ 


23 N a MeArg 8 -cyclo[<^s-l^o-Trp-Pen b ]-Leu 13 . Cys— Pen* 

24 ^MeAr^^dotCys-Pro-Trp-Cysl-Leu 13 Cys— Cys 

25 : ^MeAr^-crydofPen-Pr^Trp-Penl-Leu 13 Pen*— Pen* 

26 cydofCys-ArgS-Lys-Pro-Trp-Penj-Leu 13 Cys— Pen 6 


83 ±19 
810= ± 200 
4400= ± 19 
640= ± 10 



1 n = 6 (number of replicate determinations) unless otherwise noted. 6 Pen = penicillamine (/3^-dimethylcysteine). c n = 3. 



2), providing further evidence that cyclization can be 
beneficial to ligand-receptor recognition. Here, the 
differences in. binding affinities between cyclic and 
acyclic compounds is greater than that for compounds 
2 and 14, but it should be noted that compound 15 has 
an extra charge on the free Glu 12 side chain and the 
amine terminus that are not present in acyclic com- 
pound 11. Compound 11, however, has nearly 50-fold 
less binding affinity than compound 2. It is possible 
that N-methylation of the Arg 8 residue may remove an 
essential hydrogen bonding interaction, or, perhaps, the 
N-Me amide bond leads to a conformational change of 
the ring via cis/trans amide isomerization. 

Compounds 9 and 13, which have larger ring sizes 
than compound 2, have lower binding affinities, perhaps 
due to their flexibility. (Compound 10, which also has 
a larger ring size, exhibits a similar trend in binding 
affinity, although it is not statistically significant.) 
Interestingly, replacement of the Glu 12 in compound 2 
with Asp (compound 3), which should constrain the 
molecule further, decreased the binding affinity by more 
than 50-fold. This suggests that the smaller ring may 
have changed the orientation of key side chains such 
that the molecule can no longer adopt a favorable 
conformation for NT binding. 

Table 3 summarizes the NT binding results for 
compounds cyclized from the N- to C-terminus (head- 
to-tail). All compounds possessed less binding affinity 
than compound 2, underlining the importance of the free 
C-terminal carboxylate. The reduced binding affinities 
of compounds 4, 6, and 8 (Table 1), however, may 
indicate that the side chain of the C-terminal Leu 13 is 
important, as well. Compound 5 did not bind to the NT 
receptor, suggesting an important role for the Lys 9 side 
chain in this series of compounds. In contrast, com- 
pound 7, in which one of the two basic residues is 
deleted, displayed only 20-fold lower binding affinity 
with respect to compound 2. Also, compound 18, which 
has only one basic side chain, had virtually the same if 
not better binding when compared to the cyclic hexapep- 
tides 16 and 17, which pohtain both the Arg 8 and the 
Lys 9 side chains. This suggests that the position next 
to the Pro is more important than the Arg 8 position in 



this series, which is consistent with the previous data 
from the Ala scan performed on the C-terminal hexapep- 
tide. 86 

Table 4 provides binding data for the side chain to 
side chain cyclic analogues, all of which have weak 
affinity for the NT receptor (compounds 19 to 22). This 
may be due to the fact that two key side chains are 
involved in the cyclization and not available for receptor 
interaction, or that the peptide is constrained in a 
conformation that is unfavorable for receptor recogni- 
tion. In any case, the orientation of the amino acids in 
position 9 (Lys) or 12 (Glu) seemed to have little effect 
on NT binding affinity. 

Comparison of these data to the data in Table 5 for 
the disulfide cyclized peptides shows that the Lys 9 side 
chain can be removed while retaining moderate affinity 
for the NT receptor (83 nM) (compound 23). Therefore, 
the disulfide bridge may constrain the molecule differ- 
ently than a lactam (Table 4) and orient the peptide in 
a favorable conformation for binding. These data 
contradict the data for the N-terminus to side chain 
cyclics, which suggests that the Lys 9 side chain is critical 
for binding, but it is possible that the smaller ring of 
the disulfide has moved the Arg 8 side chain to a position 
where it is able to mimic the Lys 9 side chain. Neverthe- 
less, the binding affinity of compound 23 is still 5-fold 
less than that of compound 2, so both basic side chains 
may be contributing to the binding. 

Table 5 also illustrates the effect of structural modi- 
fications proximate to the disulfide (i.e., cysteine versus 
penicillamine). Specifically, removal of the /?,/J-dimethyls 
from Pen 12 in compound 23 by replacement with a 
cysteine residue, as in compound 24, resulted in a 10- 
fold loss in binding affinity. It could be postulated that 
the penicillamine £,/?-dimethyl groups may be binding 
in tie same pocket as the methyl groups of Tie 12 
(compound 1). Interestingly, compound 25 exhibited a 
50-fold decrease in NT binding affinity relative to 
compound 23 and suggested the possibility that the 
dimethyls of Pen 9 effected steric hinderance to ligand- 
receptor recognition and/or intramolecular effects to the 
conformation of the cyclic 5 NTe-ia analogue which com- 
promised binding to the NT receptor, vide infra. Also, 
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compound 26 exhibited approximately an 8-fold loss of 
affinity with respect to compound 23. This may simply 
be an effect of the excess entropy resulting from the 
larger ring size. 

Intracellular Calcium Mobilization Studies. The 
relatively low binding affinity of the cyclic analogues 
versus neurotensin, itself or compound 1, precluded the 
evaluation of functional activity in an in vivo system. 
In lieu of this, several compounds were evaluated for 
their ability to stimulate calcium mobilization in HT- 
29 cells. NT and compound 1 were shown to be agonists 
with EC 5 o's of 12 and 120 nM, respectively. Likewise, 
preliminary studies for compounds 2, 18, and 23 re- 
vealed that these were able to stimulate intracellular 
calcium mobilization with low micromolar ECso's. In 
fact, compounds 1 and 2 were full agonists, using NT 
as a control for a full agonist, while compounds 18 and 
23 were only partial agonists. Clearly, the receptor 
binding affinities observed with 10-day-old postnatal 
mouse brain do not correlate directly to the functional 
activity observed in HT-29 cells making a concise 
evaluation of weaker binding compounds very difficult. 
Additional studies with these and other cyclic ana- 
logues, including an evaluation of their ability to 
stimulate intracellular calcium mobilization, are in 
progress and will be published elsewhere. 

1 H-NMR Studies. While NOE measurements pro- 
vide a rich source of structural constraints for small 
proteins, their utility for the structural analysis of 
peptides is limited, due to the inherent flexibility and 
relatively large surface area of these compounds. There- 
fore, in order to assess the structural characteristics of 
some of these cyclic/constrained NT analogues, coupling 
constants and amide proton temperature coefficients 
were measured for compounds 2, 3, 23, and 25 (Table 
6). Typically, limited conformational averaging can be 
inferred if the 3 JNH,Ha value is less than 6 Hz or greater 
than 8 Hz. However, even when this condition is met 
VNH^Ha values may be consistent with more than one 
distinct dihedral angle, but such ambiguity can be 
resolved by determining heteronuclear coupling con- 
stants. For compounds 2 and 3, a 13 C-edited TOCSY 
experiment 40 ' 41 was used to determine 3 Jnh,qs values. 
Also, reduced temperature coefficients for exchangeable 
protons can be employed to suggest reduced contact with 
the solvent. In water, a fully exposed backbone amide 
proton is expected to possess a temperature coefficient 
of about -10 ppb/K. A smaller temperature coefficient 
(closer to zero) indicates reduced exchange with the bulk 
solvent and possible involvement in hydrogen bonding 
especially when it (Ai/AD is less than or equal to ~3 
ppb/K Unfortunately, for these compounds the 3 Jnh3cl 
values are in the motionally averaged range. Also, the 
distinct lack of long-range crosspeaks in the NOESY and 
ROESY spectra suggest that all of these compounds are 
somewhat flexible. These factors have precluded the 
determination of highly refined structures, although 
some interesting trends do exist and deserve comment. 

Compounds 2 and 3 have 17 and 16 membered rings, 
respectively, and as expected for such large cyclic 
systems both are somewhat flexible. As might be 
anticipated from a comparison of the two peptides, the 
smaller of the two, compound 3, has some spectral 
features that are consistent with a greater degree of 

conformational ricriHitv Tho 3.7vrrj n„ values for T,vp 9 T2.fi 
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Table 6. Proton NMR Data for Compounds 2, 3, 23 and 25 



resi- VmtHa Vnh.c^ AoVAT 3NH(ppm) 
due (Hz) (Hz) (ppb/K) 288 K 293 K 298 K 308 K 









Compound 


2 








Arg 8 




8.0 


1.0 -8.0 


8.20 




8.12 




Lys 9 




5.9 


-8.0 


8.27 




8.19 




Trp 11 




7.0 


1.5 -4.0 


7.88 




7.84 




Glu 12 




8.7 


0.6 -6.0 


7.92 




7.86 




Leu 13 




8.3 


1.5 -9.0 


8.03 




7.94 










Compound 3 








Are 6 




6.4 


-8.3 


7.52 




7.43 




Lys 9 




2.6 


-7.7 


8.66 




8.58 




Trp 11 




8.1 


1.8 -1.2 


7.44 




7.43 




Asp 12 




9.4 


1.6 -5.2 


8.38 




8.33 




Leu 13 




7.7 


2.9 -3.8 


7.31 




7.27 










Compound 23 








Cys 9 


major: 


6.3 


-7.0 


9.18 




9.05 


8.98 




minor: 


8.2 


-8.0 


8.98 




8.90 




Trp 11 


major: 


6.7 


-12.0 


8.01 




7.88 


7.77 




minor: 


6:5 


-8.0 


8.77 




8.69 




Pen 12 


major: 


9.1 


-4.0 


7.77 




7.73 


7.69 




minor: 


8.1 


-3.0 


7.65 




7.68 




Leu 13 


major: 


6.7 


-6.5 


8.41 




8.35 


8.28 




minor: 


7.5 


-9.5 


8.68 




8.58 










Compound 25 








Pen 9 


major: 7.4 


-7.0 


8.68 


8.71 








minor: 


10.0 


-8.0 


8.62 


8.66 






Trp 11 


major: 


8.3 


-8.0 


6.80 


6.84 








minor: 


11.0 


-7.8 


7.68 


7.72 






Pen 12 


major. 


7.0 


-4.4 


7.65 


7.68 








minor. 


10.3 


-2.0 


8.72 


8.73 






Leu 18 


major: 


7.6 


-9.2 


8.58 


8.62 








minor: 


6.2 


-5.8 


,8.37 


8.40 







Hz) and Asp 12 (9.4 Hz) lie outside the range expected 
for motional averaging. Furthermore, for compound 3, 
the Trp 11 and Leu 13 residues have relatively small 
amide proton temperature coefficients of -1.2 and —3.8 
ppb/K, respectively. In compound 2, all of the 1 H-NMR 
parameters are indicative of a more flexible peptide. 
However, it should be noted that, with the exception of 
the Leu 13 amide proton temperature coefficient, the 
same trend is observed for compounds 2 and 3 (e.g., for 
both compounds the residues Lys 9 and Glu/Asp 12 pos- 
sesses the smallest and largest 3 JNH,Ha values, respec- 
tively, and Trp 11 possesses the smallest amide tempera- 
ture coefficient). This suggests that while compound 2 
is more flexible than compound 3, they may both share 
one or more common three-dimensional conform- 
ation(s). Interestingly, both peptides show strong Lys 9 Ha 
to Pro 10 Ha NOE's indicating a cis amide bond between 
Lys 9 and Pro 10 . Linear proline-containing peptides 
commonly exhibit cis and trans isomers that are in slow 
exchange (relative to the chemical shift time scale), but 
for compounds 2 and 3, these peptides exist exclusively 
in the cis-proline conformation. 

Compounds 23 and 25 represent two extremes in 
terms of NT receptor binding affinity (Table 5) for the 
14-membered ring disulfide-cyclized NT analogues, yet 
they only differ by two methyl groups. A critical 
examination of the 1 H-NMR data in Table 6 reveals that 
several interesting features exist. First, both com- 
pounds 23 and 25 exist as a major (~80%) and minor 
(~20%) isomer on the X H-NMR time scale. In the case 
of compound 25, the major isomer has a £ra/is-proline 
and the minor has a cis-proline amide bond. This is 
based upon the strong NOE's observed between Pen 9 Ha~ 
Pro 10 H5 and Pen 9 Ha~ Pro 10 Ha» respectively. (The equiva- 
lent NOEs could not be identified for compound 23 due 
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of the peptides the major isomer has medium sized 
z Jm&a values (except for Pen 12 in 23 and Trp 11 in 25) 
and large amide proton temperature coefficients. Both 
of these observations are consistent with motional 
averaging. Two features distinguish the msgor isomers 
of compounds 23 and 25 and suggest that their pre- 
ferred conformations are not identical. First, the only 
residues that display 3 Jnh,Hcx values greater than 8 Hz 
are Pen 12 in compound 23 and Trp 11 in compound 25, 
vide supra. Secondly, a 1 ppm chemical shift difference 
exists between the NH resonances of Trp 11 in the major 
isomers of compounds 23 and 25. 

In contrast to the major isomers, several differences 
in chemical shifts and coupling constants are even more 
obvious in the minor isomers. For example, the minor 
(cis) isomer of compound 25 has large 3 Jnh3<i values 
for all of the amino acids in the cyclic portion of the 
molecule (Table 6). This limits the allowed conforma- 
tional space for the <p angle from approximately —170° 
to -80°. This further suggests that the backbone 
conformation of the minor isomer of compound 25 is well 
defined, at least with respect to the other cyclic NT 
peptides discussed here. Also, the Pen 12 amide proton 
in the minor isomer has the smallest temperature 
coefficient (-2.0 pph/K) of any of the these analogues. 
For all of the peptides presently investigated, the minor 
conformer of compound . 25 is clearly the most confor- 
mationally constrained. Due to the relatively low 
abundance (15-20%) of this conformer, we could not 
determine meaningful NOE's for structural analysis. 
Currently, we are optimizing conditions for the struc- 
tural analysis of these peptides. 

Conclusions 

• We report the synthesis of several conformationally 
constrained cyclic neurotensin fragment (NTe-is) ana- 
logues, several of which possess nanomolar binding 
affinities at the NT receptor. Specifically, compounds 
2, 10, and 23 are the only cyclic peptides of the 
C-terminal hexapeptide that have been shown to pos- 
sess low nanomolar affinity for the NT receptor. These 
analogues provide further evidence that a reverse-turn 
in the C-terminal hexapeptide in NT may be important 
for NT binding. 27 It is interesting that compounds 2 
and 23, which are structurally very different, have 
similar binding affinities. These compounds may pro- 
vide novel molecular probes to further investigate NT 
receptor pharmacology, as well els further advance our 
understanding of the structure— conformation relation- 
ships of NT and establish a working basis for future 
pharmacophore mapping studies. To this extent, future 
molecular modeling and 1 H-NMR studies of these 
compounds may provide some insight toward the iden- 
tification of the three-dimensional structural require- 
ments for NT binding. Such work will extend previous 
studies 27 which implicated reverse-turn type conforma- 
tional preferences within a series of linear NTs-is 
analogues as a result of modifications of the Pro 10 -Tyr n 
dipeptide, Future studies will be directed at the design 
of NTe-ia pseudopeptides and peptidomimetics that may 
exploit such structure-conformation relationships in 
the discovery of yet more effective NT agonists. 

Experimental Section 

General. All reagents and solvents were purchased from 
commercial sources unless otherwise specified. Solvents were 
of reagent or HPLC grade as indicated. All amino acids and 
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substituted peptide resins were purchased from commercial 
sources, used without further purification, and amino acids 
were of the L configuration unless indicated. Routine X H-NMR 
spectra were obtained on a Bruker AM-250 spectrometer, and 
all samples were dissolved in D 2 0 or DMSO-cfe, as indicated. 
Mass spectra were recorded on a VG Analytical 7070E/HF, a 
VG Masslab Trio-2A, or a Fisons VG Trio200 mass spectrom- 
eter. Amino acid analyses were performed on an Applied 
Biosystems International (AB1) 420H derivatizer with a 130A 
separation system. 

Peptide Synthesis Method A (PAM Resin). The pep- 
tides were prepared by standard solid phase peptide methodol- 
ogy 42 on an ABI 430A peptide synthesizer using the i\f a -i-Boc 
iV-hydroxybenzotriazole (HOBt), W-methylpyrrolidone (NMP) 
strategy (Version 1.40). Single couplings were performed with 
4 equiv of the suitably protected amino acid activated ester 
formed by reaction witiiN^V '-di(^ohexylcarbodiimide (DCC) 
and HOBt. A typical cycle for lie coupling of an individual 
amino acid was as follows: (1) activation of the next amino 
acid to be coupled with DCC and HOBt; (2) deprotection of 
the amino acid on the resin with 50% trifluoroacetic acid (TFA)/ 
dichloromethane (DCM) + indole (1 mg/mL, used as a scav- 
enger); (3) washes with DCM and neutralization with 10% 
diisopn>pylethylainine (DEEA)/DCM; (4) coupling of the HOBt 
activated ester in NMP; (5) five washes with NMP and capping 
with 10% acetic anhydride (Ac20)/DCM. The N-terminal Boc 
group was removed with 50% TFA/DCM, and the resin was 
neutralized with 10% DIEA/DCM (except for peptides to be 
cyclized by cyclization method A). The resin was then washed 
with DCM and dried under reduced pressure. 

Peptide Synthesis Method B (Sasrin Resin 43 ). Sasrin 
resin (1 g, 1 mmol) was placed in a shaker vessel and washed 
with 3 x 25 mL of DCM. The first coupling was performed 
using 3 equiv of the Fmoc-protected amino acid, 3 equiv of 
NJN 'niiisopropylcarbodiimide (DIC), and 0.3 equiv of 4-(di- 
methylamino)pyridine (DMAP), in 25 mL of DCM overnight. 
The resin was then rinsed with 7/^-dimethylformamide 
(DMF) (3 x 25 mL). The Pmoc group was removed by 
treatment with 20% piperidine/DMF for 1 and 10 min (2 x 25 
mL). Amino acids were successively coupled using 3 equiv of 
2-( Lff-benzotriazol- 1-yl)- 1,1,3 ,3-tetramethyluromum hexafluo- 
rophosphate (HBTU), 44 3 equiv of DIEA, and 3 equiv of the 
amino acid (N ^Fmoc-protected , Arg and Lys side chains 
protected as the tosyl and £-Boc derivatives, respectively) in 
DMF for 60 min, followed by Fmoc deprotection. After the 
final Fmoc deprotection, the resin was washed with DMF (3 
x 25 mL) and DCM (3 x 25 mL) and was dried under reduced 
pressure. 

Resin Cyclization, Method A (Side Chain to Side 
Chain, PAM Resin). To deprotect the Fmo-ester-protected 
side chains of Glu and Lys, 25 mL of 20% piperidine/DCM was 
added to a shaker vessel containing the resin, and the mixture 
was shaken for 16 min and drained. Another 25 mL of 20% 
piperidine/DCM was added to the shaker vessel, and the 
mixture was shaken for 30 min. The vessel was drained and 
washed with DCM (3 x 25 mL) and DMF (3 x 25 mL). For 
side chain to side chain cyclizations, the resin was suspended 
in 25 mL of DMF, and 400 ^L of DIEA was added followed by 
270 mg of HOBt and 300 fxh of DIC. The mixture was shaken 
continuously, and the solvent/reagents were changed every 24 
h until the resin yielded a negative Kaiser test. 46 The vessel 
was then drained, and the resin was washed with DMF (3 x 
25 mL) and DCM (3 x 25 mL). To deprotect the N-terminal 
f-Boc group, 25 mL of 50% TFA/DCM was added, and the 
mixture was shaken for 15 min. The vessel was drained, 
another 25 mL of 50% TFA/DCM was added, and the mixture 
was shaken for an additional 30 min. The vessel was drained, 
and the resin was washed with DCM (3 x 25 mL), 10% DIEA/ 
DCM (3 x 25 mL), and DCM (3 x 25 mL), and the resin was 
dried under reduced pressure. 

Resin Cyclization, Method B (Side Chain to N-Termi- 
nus, PAM Resin). To deprotect the Fmo-ester-protected side 
chains of Glu or Asp, 25 mL of 20% piperidine/DCM was added 
to a shaker vessel containing the resin, and the mixture was 
shaken for 15 min and drained. Another 25 mL of 20% 
piperidine/DCM was added to the shaker vessel, and the 
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mixture was shaken for 30 min. The vessel was drained and 
washed with DCM (3 x 25 mL) and DMF (3 x 25 mL). The 
resin was suspended in 25 mL of DMF, and 400>L of DIEA 
was added followed by 270 mg of HOBt and 300 fih of DIC. 
The mixture was shaken continuously, and the solvent/ 
reagents were changed every 24 h until the resin yielded a 
negative Kaiser test. 46 The vessel was then drained, and the 
resin was washed with DMF (3 x 25 mL) and DCM (3 x 25 
mL) and dried under reduced pressure. 

Peptide Cleavage Method A (PAM Resin). The peptides 
were removed from the resin arid the side chains deprotected 
by treatment with 90% anhydrous hydrogen fluoride (HF) and 
10% scavengers (3-methylindole and anisole) at 0 °C for 1 h. 
Nitrogen was bubbled through the mixture to evaporate the 
HF, and the residue was triturated with 75 mL of E^O and 
filtered. The crude precipitate was dissolved in 70% CH3CN/ 
H 2 0 + 0.1% TFA and filtered, and the solvent was removed 
under reduced pressure. The residue was resuspended in 
~100 mL of H 2 0 and lyophilized. 

Peptide Cleavage Method B (Sasrin Resin 43 ). A solu- 
tion of 1% TFA/DCM (20 mL) was added to the resin in a 
shaker vessel, and the mixture was agitated for 10 min and 
drained. This procedure was repeated three times, and the 
combined eluants were evaporated under reduced pressure. 
The residue was resuspended in ^100 mL of H2O and 
lyophilized. 

Solution Cyclization, Method C (Disulfides). The crude 
lyophilized peptide after HF cleavage (peptide cleavage method 
A) (~300 mg) was dissolved in 2.5 L of H2O, and the pH was 
adjusted to 8.5 with 1 N potassium hydroxide (KOH). Dithio- 
threitol (DTT, ~200 mg) was added, and the mixture was 
stirred for 1 h. Potassium ferricyanide (KsFe(CN) 6 , 500 mg 
in 100 mL of H 2 0) was then added dropwise to the solution 
while the pH was maintained at ~8-9 with 1 N KOH until a 
pale yellow color was maintained for 60 min. At this point, 
the pH was then adjusted to 4.5 with glacial acetic acid, and 
the solution was stirred for 10 min with an excess of BioRad 
AG4-X4 anion exchange resin (^10-fold). The solution was 
filtered and passed through a C18 cartridge preequilibrated 
with H 2 0. The absorbed cyclic peptide was eluted with 70% 
CH3CN/H2O 4- 0.1% TFA concentrated under reduced pres- 
sure, resuspended in H2O (~100 mL), and lyophilized. 

Solution Cyclization, Method D (C-Terminus to N- 
Terminus). A solution of the linear peptide (240 mg) in 30 
mL of DMF was added dropwise with stirring over 60 min to 
a solution of (benzotriazol-l-yloxy)tris(dimethylaminp)phos- 
phonium hexafluorophosphate (BOP) 88 ' 46 or HBTU 44 (0.6 mmol, 
3 equiv) and DIEA (0.6 mmol, 3 equiv) in 200 mL of DMF at 
0 °C The reaction was followed by analytical HPLC, which 
showed the disappearance of starting material after 60 min. 
The reaction mixture was allowed to slowly warm to room 
temperature, the solvent was removed under reduced pressure, 
and the peptide was lyophilized from H2O (~100 mL). The 
side chain protecting groups were then removed with HF as 
described above (peptide cleavage method A). 

Peptide Purification. The crude peptide was dissolved 
in approximately 3-5 mL of H 2 0 + 20% CH3CN (with 
increasing amounts of CH3CN as needed for dissolution) and 
chromatographed on a Vydac 218TP1022 (2.2 x 25.0 cm) 
preparative HPLC column. A linear gradient of 0.1% TFA/ 
water to 0.1% TFA/CH3CN was used to elute the peptide from 
the column. A flow rate of 15 ml/min was maintained on a 
Waters 600E System Controller, and the absorbance of the 
eluant at 214 and 280 nm was recorded on a Waters 490E 
programmable multiwavelength detector. Individual fractions 
were collected and analyzed by analytical HPLC . Appropriate 
fractions were combined and concentrated under reduced 
pressure, diluted with H 2 0, and lyophilized to give the purified 
peptide. 

Peptide Characterization. The peptides were assayed 
for purity by analytical HPLC on a Vydac 218TP54 (0.46 x 
25.0 cm) analytical HPLC column connected to a Waters 600E 
system controller with a Waters 490E programmable multi- 
wavelength detector. A gradient of 20-86% B over 22 min (A 
= 0.1% TFA/H2O, B = 0.1% TFA/CH3CN) was used with a flow 



by capillary zone electrophoresis (CZE) using an ABI 270A 
capillary electrophoresis system with a 72 cm capillary at +20 
kV and a buffer of 20 mM sodium citrate, pH 2.5. The peptides 
were also analyzed by fast-atom bombardment (FAB) or 
electrospray (ES) mass spectrometry, amino acid analysis 
(AAA), and 1 H-NMR. Values found were in good agreement 
with the predicted values. 

Compound 2 was synthesized using peptide synthesis 
method A cyclization method B, followed by peptide cleavage 
method A. Analytical; RP-HPLC, tn 8.07 min; purity, 91% at 
214 nm. CZE: *r 17.54 min; purity, >99% at 214 nm. MS 
(ES, m/z): 809.8 [MH]+ AAA and ^-NMR (D 2 0) were 
consistent with the proposed structure. 

Compound 3 was synthesized using peptide synthesis 
method A cyclization method B, followed by peptide cleavage 
method A Analytical; RP-HPLC, f R 9.16 min; purity, 90% at 
214 nm. CZE: tn 9.44 min; purity, 89% at 214 nm. MS (FAB, 
m/z): 796.4 [MH] + . AAA and ^-NMR (D 2 0) were consistent 
with the proposed structure. 

Compound 4 was synthesized using peptide synthesis 
method A, cyclization method B, followed by peptide cleavage 
method A Analytical; RP-HPLC, f R 5.18 min; purity, 97% at 
214 nm. CZE: tn 9.18 min; purity, 95% at 214 nm. MS (FAB, 
m/z): 754.3 [MH] + . AAA and *H-NMR (DMSO-cM were 
consistent with the proposed structure. 

Compound 5 was synthesized using peptide synthesis 
method A cyclization method B, followed by peptide cleavage 
method A Analytical; RP-HPLC, tn 10.18 min; purity, 95% 
at 214 nm. CZE: tn 12.68 min; purity, >99% at 214 nm. MS 
(FAB, m/z): 753.8 [MH]+ AAA and ^-NMR (DMSO-d 6 ) were 
consistent with the proposed structure. 

Compound 6 was synthesized using peptide synthesis 
method A cyclization method B, followed by peptide cleavage 
method A Analytical; RP-HPLC, tn 13.33 min; purity, 90% 
at 214 nm. CZE: tn 6.06 min; purity, 95% at 214 nm. MS 
(FAB, m/z): 697.6 [MHT. AAA and 1 H-NMR (DMSO-de) were 
consistent with the proposed structure. 

Compound 7 was synthesized using peptide synthesis 
method A cyclization method B, followed by peptide cleavage 
method A Analytical; RP-HPLC, tn 10.63 min; purity, >99% 
at 214 nm. CZE: tn 17.32 min; purity, >99% at 214 nm. MS 
(ES, m/z): 682.6 [MH]+ AAA and 1 H-NMR (DMSO-^ie) were 
consistent with the proposed structure. 

Compound 8 was synthesized using peptide synthesis 
method A cyclization method B, followed by peptide cleavage 
method A Analytical; RP-HPLC, * R 6.77 min; purity, >99% 
at 214 nm. CZE: tn 10.10 min; purity, >99% at 214 nm. MS 
(FAB, m/z): 810.7 [MH] + . AAA and X H-NMR (DMSO-d 6 ) were 
consistent with the proposed structure. 

Compound 9 was synthesized using peptide synthesis 
method A cyclization method B, followed by peptide cleavage 
method A Analytical; RP-HPLC, * R 7.38 min; purity, 91% at 
214 nm. CZE: fR 13.83 min; purity, >99% at 214 nm. MS 
(ES,m/z): 867.4 [MH] + . AAA and X H-NMR (DMSO-de) were 
consistent with the proposed structure. 

Compound 10 was synthesized using peptide synthesis 
method A cyclization method B, followed by peptide cleavage 
method A Analytical; RP-HPLC, tn 9.07 min; purity, 95% at 
214 nm. CZE: *r 10.58 min; purity, 93% at 214 nm. MS (FAB, 
m/z): 881.4 [MH] + . AAA and ^-NMR (DMSO-d 6 ) were 
consistent with the proposed structure. 

Compound 11 was synthesized using peptide synthesis 
method A cyclization method B, followed by peptide cleavage 
method A Analytical; RP-HPLC, t K 7.88 min; purity, 90% at 
214 nm. CZE: *r 14.78 min; purity, 93% at 214 nm. MS (FAB, 
m/z): 824.8 [MH] + . AAA and ^-NMR (DMSO-d 6 ) were 
consistent with the proposed structure. 

Compound 12 was synthesized using peptide synthesis 
method A, cyclization method B, followed by peptide cleavage 
method A Analytical; RP-HPLC, tn 9.42 min; purity, 94% at 
214 nm. CZE: tn 9.41 min; purity, 90% at 214 nm. MS (ES, 
m/z): 405.7 [M + 2H] 2+ . AAA and a H-NMR (DMSO-cfo) were 
consistent with the proposed structure. 

Compound 13., N a -Boc-homoglutamic acid y-Fmo ester 
(homoglutamic acid (Hgl) = 2-aininoadipic acid) was prepared 
Recording to the procedure of Al-OheiHi p.t al. 41 ComonnnH 1 3 
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was synthesized using peptide synthesis method A, cyclization 
method B, followed by peptide cleavage method A. Analytical; 
RP-HPLC,t R 10.47nim;puriiy,93%at214 nm. CZE: * R 6.04 
min; purity, >99% at 214 nm. MS (ES, m/z): 823.8 [MH] + . 
AAA and ^-NMR (DMSO-d 6 ) were consistent with the 
proposed structure. 

Compound 14 was synthesized using peptide synthesis 
method A, followed by peptide cleavage method A. Analytical; 
RP-HPLC, t K 6.78 min; purity, 95% at 214 nm. CZE: f R 10.03 
min; purity, 96% at 214 nm. MS (FAB, m/z): 869,5 [MH] + . 
AAA and ^-NMR (DMSO-de) were consistent with the 
proposed structure. 

Compound 15 was synthesized using peptide synthesis 
method A, followed by peptide cleavage method A. Analytical; 
RP-HPLC, fe 6.13 min; purity, >99% at 214 nm. CZE: t R 12.27 
min; purity, >99% at 214 nm. MS (FAB, m/z): 842.9 [MH]+. 
AAA and 1 H-NMR (DMSO-d 6 ) were consistent with the 
proposed structure. 

Compound 16 was synthesized using peptide synthesis 
method B, peptide cleavage method B, followed by cyclization 
method D. Analytical; RP-HPLC, *r 9.73 min; purity, 98% at 
214 nm. CZE: * B 9.46 min; purity, 98% at 214 nm. MS (FAB, 
m/z): 794.7 [MH] + . AAA and X H-NMR (DMSO-d 6 ) were 
consistent with the proposed structure. 

Compound 17 was synthesized using peptide synthesis 
method B, peptide cleavage method B, followed by cyclization 
method D. Analytical; RP-HPLC, *r 9.95 min; purity, 96% at 
214 nm. CZE: * R 13.06 min; purity, 97% at 214 nm. MS (FAB, 
m/z): 799.7 [MH] + . , AAA and 1 H-NMR (DMSO-de) were 
consistent with the proposed structure. 

Compound 18 was synthesized using peptide synthesis 
method B, peptide cleavage method B, followed by cyclization 
method D. Analytical; RP-HPLC, * R 13.04 min; purity, >95% 
at214nm. CZE: t* 13.96 min; purity, 95% at 214 nm. MS 
(ES, m/z): 638.4 [MH] + . AAA was consistent with the 
proposed structure. 

Compound 19 was synthesized using peptide synthesis 
method A, cyclization method A, followed by peptide cleavage 
method A. Analytical; RP-HPLC, * B 9.38 min; purity, 98% at 
214 nm. CZE: * R 7.34 min; purity, 93% at 214 nm. MS (ES, 
m/z): 823.5 [MH] + . AAA and X H-NMR (DMSCkfe) were 
consistent with the proposed structure. 

Compound 20 was synthesized using peptide synthesis 
method A, cyclization method A, followed by peptide cleavage 
method A. Analytical; RP-HPLC, * R 9.43 min; purity, 92% at 
214 nm. CZE: i R 10.30 min; purity, 95% at 214 nm. MS (FAB, 
m/z): 824.5 [MH] + . AAA and a H-NMR (DMSOde) were 
consistent with the proposed structure. 

Compound 21 was synthesized using peptide synthesis 
method A, cyclization method A, followed by peptide cleavage 
method A. Analytical; RP-HPLC, * R 9.28 min; purity, >99% 
at 214 nm. CZE: f R 9.99 min; purity, 99% at 214 nm. MS 
(FAB, m/z): 824.5 [MH1+ AAA and J H-NMR (DMSO^e) were 
consistent with the proposed structure. 

Compound 22 was synthesized using peptide synthesis 
method A, cyclization method A, followed by peptide cleavage 
method A. Analytical; RP-HPLC, 9.26 min; purity, 95% at 
214 nm. CZE: * R 10.71 min; purity, 93% at 214 nm. MS (FAB, 
m/z): 824.6 [MH] + . AAA and X H-NMR (DMSO-de) were 
consistent with the proposed structure. 

Compound 23 was synthesized using peptide synthesis 
method A, peptide cleavage method A, followed by cyclization 
method C. Analytical; RP-HPLC, * R 10.69 min; purity, 99% 
at214nm. CZE: f R 7.10 min; purity, 98% at 214 nm. MS 
(FAB, m/z): 818.5 [MH] + , AAA and X H-NMR (D 2 0) were 
consistent with the proposed structure. 

Compound 24 was synthesized using peptide synthesis 
method A, peptide cleavage method A, followed by cyclization 
method C. Analytical; RP-HPLC, * R 9.28 min; purity, 99% at 
214 nm. CZE: * R 14.95 min; purity, 98% at 214 nm. MS(ES, 
m/z): 789.3 [MH] + . AAA and X H-NMR (DMSO-de) were 
consistent with the proposed structure. 
1 Compound 25 was synthesized using peptide synthesis 
method A, peptide cleavage method A, followed by cyclization 
method C. Analytical; RP-HPLC, * R 9.33 min; purity, 98% at 
214 nm. CZE: f R 6.03 min; purity, 98% at 214 nm. MS (FAB, 
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m/z): 845.6 [MH] + . AAA and 1 H-NMR (DMSO-d 6 ) were 
consistent with the proposed structure. 

Compound 26 was synthesized using peptide synthesis 
method A, peptide cleavage method A, followed by cyclization 
method C. Analytical; RP-HPLC, f R 11.95 min; purity, 98% 
at 214 nm. CZE: f R 6.70 min; purity, 99% at 214 nm. MS 
(FAB, m/z): 931.4 [MH]+ AAA and l H-NMR (DMSCk* 6 ) were 
consistent with the proposed structure. 

NMR Measurements for Structural Studies. The NMR 
spectra were acquired on a Bruker AMX500 spectrometer 
using 2 mg of peptide dissolved in 0.5 mL of H 2 0/5% D 2 0. The 
proton chemical shifts were referenced to tetramethylsilane 
(IMS) at 0.00 ppm, and the water signal was presaturated 
during acquisition. Proton assignments were based on the 
TOCSY 40 experiment acquired into 512 tl blocks of 2048 t2 
data points using a 7 kHz MLEV-17 48 spin lock field applied 
at the transmitter frequency (ca. 4.76 ppm) for 65 ms. 
Sequential assignments were based on the rotating frame 
nuclear Overhauser spectroscopy (ROESY) 49 experiment (512 
tl blocks of 2048 t2 data points). A 4 kHz continuous wave 
spin-lock field was applied during the 250 ms mixing time at 
the transmitter frequency. The temperature dependence of 
the amide protons was determined by acquiring proton spectra 
at 5° increments between 288 and 308 K Homonuclear 
coupling constants were measured directly from the resolution- 
enhanced proton spectra (Gaussian broadening (GB) = 0.6, line 
broadening (LB) = -6). Heteronuclear coupling constants 
were measured from the ^C-edited TOCSY 41 spectra at natural 
abundance of the nuclei. The pulse sequence includes 
BIRD type heteronuclear editing to select protons attached to 
^ nuclei followed by a conventional TOCSY pulse sequence. 

Neurotensin Binding Assay. FHJNT (107.2 Ci/mmol) or 
[^I-Tyr^NT (2200 Ci/mmol) was obtained from Dupont-New 
England Nuclear, Boston, MA. Membranes were prepared 
according to the methods of Mazella et al.*° with minor 
modifications. Briefly, seven frozen 10-day-old postnatal 
mouse brains were thawed and the cerebellum removed. The 
membranes were homogenized in 20 volumes of ice cold 5 mM 
tris(hydroxymethyl)ainmomethane (TRIZMA) buffer, pH 7.5 
(buffer A). The homogenates were centrifuged at 100000& for 
15 twin at 4 °C. Resulting pellets were resuspended in the 
same volume of buffer and recentrifuged as above, twice 
repeated. Final pellets were resuspended in 1 g wet weight 
in each milliliter of buffer B (50 mM TRIZMA, pH 7.4, 0.1% 
bovine serum albumin (BSA), 0.2 mM bacitracin, 1 mM 
ethylenediaminetetraacetic acid (EDTA), 1 mM phenanthrc- 
line, 0.3 mM toluenesulfonyl fluoride (PMSF)) and used for 
the assay. 

To label the NT receptor, [ 3 H]NT or [^I-TyrW (0.20 nM 
or 0.21 nM final concentration, respectively) was used. (In 
general, [ 3 H]NT was used for all the analyses, with the 
exception of compounds 2, 20, and 21 for which [^I-Ty^JNT 
was the radioligand.) The binding assay was slightly modified 
from that of Kitabgi et al* 1 Briefly, 25 pL of PHfligand, 25 
fih of either drug or buffer, and 200 f*L of brain membranes 
(all diluted with ice cold buffer B) were added to polypropylene 
microtubes (96-well microplate format; total volume 250 piL). 
Incubation proceeded for 30 min at 25 °C and was terminated 
by rapid filtration through Whatman GF/B glass fiber filters 
which had been presoaked for 1 h in 0.5% polyethylenimine. 
Radioactivity on the filters was determined on ayorfi counter 
following the addition of liquid scintillation cocktail. Under 
these conditions 96% specific binding was observed for l 125 !- 
Tyi^lNT and 90% specific binding for PHINT. Nonspecific 
binding was determined using 1 pM NT. Binding affinities 
for NT standards were determined from competition curves. 

Cellular Calcium Measurements. Changes in [Ca 2+ ]i 
were determined with the Ca 2+ -sensitive dye fura-2/AM and 
a Proton Technology International Photoscan-2 dual excitation 
spectrofluorometer. The protocol followed was essentially that 
of Turner et al. 52 Briefly, a suspension of HT-29 cells pelleted 
by centrifugation at lOOOg was washed in a balanced salt 
solution consisting of 130 mM NaCl, 5 mM KC1, 1 mM Na^ 
HPO*, 15 mM glucose, 10 mM HEPES, 0.1% BSA, 1.0 mM 
MgCk, and 0.2 mM CaCl 2 at pH 7.4 (solution 1). The pellet 
obtained was suspended in a different balanced salt solution 
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containing 1.0 mM MgCl 2 0.2 mM CaCh, and 0.1% BSA 
(solution 2). To load cells, cell suspensions (3 x 10 6 cella/mL) 
were incubated with 2 uM fura-2/AM for 40 min at 37 °C in a 
shaking incubator. After washing and resuspension in solu- 
tion 2 at the original density, the cell suspensions were further 
incubated for 40 min to appropriately allow for the maximal 
de-esterification process. Measurement of autofluorescence 
was conducted in an equal aliquot of cell suspension taken 
through the same steps as in the fura-2/AM-treated suspen- 
sion, but without the dye added. After centrifugation, cells 
were washed twice in solution 2. The final pellet was 
resuspended in a balanced salt solution containing 1.0 mM 
MgCl 2 1.0 mM CaCU, and 0.1% BSA. Samples were tempo- 
rarily stored in a water bath maintained at 37 °C which was 
placed on top of a -stir plate. For [Ca 2+ ] measurements, 1 mL 
aliquots of fura-2/AM-loaded cells were transferred to quartz 
cuvettes and the latter placed in the spectrophotometer to 
establish a stable baseline. Compounds were then added to 
the cell suspension. A magnetic stir bar was always placed 
in each cuvette to allow proper mixing of compounds arid to 
prevent cells form settling to the bottom. 

The [Ca 2+ ]i concentration was determined using the Proton 
Technology International Deltascan II spectrofluorometer by 
measuring the ratio of fluorescence excited by 340 nm to that 
excited by 380 nm (emission was at 505-510 nm). This was 
calibrated using the equation developed by Grynkiewicz et 
a/. 63 : [Ca 2+ 1 = KvSfrJ SbtfR - RmJRmzx - R), where JT D = 
224 nM, Sf 2 is the signal of the free fura-2/AM at 380 nm, Sb 2 
is the signal of the bound fura-2/AM at 380 nm, and R is the 
ratio of the fluorescence. Values for R^ were obtained from 
measurements with a final concentration of 500 nM EGTA (pH 
balanced to 7.4 with TRIZMA base) added to the cuvette 
containing a 2 mL sample of cells; while Rm*x was determined 
in a different sample of cells after addition of 0.1% Triton-X. 
The 340 and 380 nm values for a sample of unloaded cells were 
determined to correct for tissue or background autofluores- 
cence. Percent of maximal calcium mobilized for each com- 
pound was measured and the ECso values determined. 
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During a search for possible cyclization points in 
shortened, potent bombesin agonists and antagonists, 
it was found that the joining of amino acid residues in 
positions 6 and 14 by various means resulted in reten- 
tion of significant binding affinity for rat pancreatic 
acini and murine Swiss 3T3 cells. In one series of 
analogues, Cys residues in these positions were used 
for bridging via a disulfide bond. (D)-C-Q-W-A-V-G- 
H-L-C-NH 2 retained significant binding affinity for 
rat pancreatic acini cells and was a full amylase re- 
leasing agonist <EC»o 187 nM). Potency was markedly 
increased by substituting D-AIa for Gly (ECao 67 nM 
compared to 10 nM for its linear counterpart) and was 
decreased by substituting L-Cys for D-Cys in this ana- 
logue (EC 6 o 214 nM), thus strongly suggesting stabili- 
zation of peptide folding by the D residues. Elimination 
of the COOH-terminal amino acid produces competi- 
tive antagonists in the linear analogues; however, <D)- 
C-Q-W-A-V-G-H-C-NH 2 was devoid of activity. Like- 
wise, cyclization to position 13 with the 14 amino acids 
intact to give (d)-C-Q-W-A-V-G-H-C-L-NH 3 resulted 
in an almost inactive peptide. On the other hand, as in 
the linear series, the reduced peptide bond analogue, 
(D)-C-Q.W-A-V-(D)-A-H-W(CH2NH)-C-NH 2 , was a 
receptor antagonist (IC B o 5.7 mM), albeit much weaker 
than the corresponding linear analogues, but with no 
residual agonist activity. Direct head-to-tail cycliza- 
tion was also tried. Both cyclo[(D)-F-Q-W-A-V-G-H-L- 
L] (EC B0 346 nM) and the shorter cyclo[Q-W-A-V-G-H- 
L-L] (EC™ 1236 nM) were full agonists. Elimination of 
the COOH-terminal residue in cyclo[(o)-p-Cl-F-Q-W- 
A-V-(D)-A-H-L] produced an agonist (EC tt o 716 nM) 
rather than an antagonist. These results provide sup- 
port for the proposal that both bombesin agonists and 
antagonists adopt a folded conformation at their recep- 
tor (s). Furthermore, the retention of appreciable po- 
tencies using several cyclization strategies and chain 
lengths suggests that further optimization of these 
structures both in terms of potency and ring size is 
possible. Since these peptides have increased confor- 
mational restriction, they should begin to serve as use- 
ful substrates for NMR and molecular modeling studies 
aimed at comparing the obviously subtle differences 
between agonist and antagonist structures. 
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Competitive receptor antagonists of bombesin (Bn)VGRP 
peptides have now been created by a number of very different 
design approaches. Replacement of His in position 12 of Bn 
(<Q-Q-R-L-G-N-Q-W-A-V-G-H-L-M-NH 2 ) resulted in the 
first reported Bn antagonists (1, 2). More potent antagonists 
were then prepared by replacing the — CONH— peptide bond 
in position 13-14 by a — CH 2 NH — group (3). Moreover, it 
was discovered that replacement of the 9-10 peptide bond in 
a similar fashion also resulted in an antagonist, although it 
exhibited considerably less affinity for guinea pig pancreatic 
acini cells (3). Elimination (4) of the COOH-terminal Met 
residue in N-Ac-GRP(20-27) (Ac-H-W-A-V-G-H.L-M-NH 2 ) 
also gave a receptor antagonist with quite high affinity which 
was increased substantially by alkylamide, phenalkylamide, 
and ester modifications at the COOH terminus (4-6). Affini- 
ties of both the 13-14 reduced peptide and the desMet ana- 
logues were also increased substantially in the Bn series by 
reducing the chain length to the 6-14 or 6-13 sequences and 
substituting D-aromatic amino acids in position 6 (7-9). The 
biological properties of some of these antagonists varied con- 
siderably depending on the biological system being employed 
Thus, <Q-Q.R-L-G-N.Q-W.A-V.G-H-W(CH 2 NH)-L-NH 2 
displayed considerable agonist activity using a frog esophageal 
peptic cell system (10) and, to a lesser extent, using rat 
pancreatic acini (8). Even some of the shorter pseudopeptide 
and peptide desMet l4 -alkylamide analogues were found to 
have varying degrees of partial or even full agonist activity 
depending on the structure of the COOH-terminal amino acid 
or the length of the alkyl substituent (8, 9). In the reduced 
peptide bond antagonists, COOH-terminal aromatic amino 
acids had particularly high agonist potency which could, how- 
ever, be eliminated by halogen substituents on the aromatic 
side chain (8) or by switching to a D-amino acid. Surprisingly, 
agonist potency could also be much reduced by a halogen 
substituent on the D-Phe residue in position 6 (8). Similarly, 
a 4-Cl-phenylethylamide Bn antagonist displayed little or no 
agonist activity, whereas the corresponding unsubstituted 
phenylethylamide had high agonist activity (9). 

In more recent studies, it was shown that some of these 
analogues distinguish Bn receptor subtypes (11). In particular, 
some reduced peptide bond analogues and various desMet 14 
antagonists had much reduced affinity for neuromedin B- 
preferring Bn receptors on rat esophageal tissue even though 
their receptors had high affinity for various Bn agonists and 
neuromedin B itself. Moreover, antagonists based on the D- 

1 The abbreviations used are: Bn, bombesin; HEPES, 4-(2-hydrox- 
yethyD-l-piperazineethaneBulfonic acid; hplc, high performance liq- 
uid chromatography; ^, reduced peptide bond; GRP ( gastrin-releasing 
peptide. 
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Phe 12 modification retained significant affinity for both types 
of receptor (11). 

This complex series of interacting events triggered by di- 
verse structural modifications suggests several conclusions 
regarding the mechanism of action of theBe peptides. Clearly, 
the COOH-terminal dipeptide unit and hydrogen-bonding 
points integral to this particular peptide bond are critical for 
triggering the biological response of the peptide agonists and, 
indeed, we have hypothesized (1) that intramolecular hydro- 
gen bonding could be an important factor in retaining confor- 
mational integrity responsible for agonist activity. It seems 
likely that the apparently diverse structural alterations which 
result in antagonist formation exercise their effects ultimately 
through closely related perturbations in this agonist confor- 
mation, thus resulting in destruction of biological activity yet 
with retention of the ability to bind the receptor. 

It is extremely difficult to precisely elucidate these confor- 
mational parameters by physicochemical measurements on 
flexible peptide chains which, at least in the case of bombesin 
and a D-Phe 12 analogue in recent high resolution NMR and 
CD studies (12, 13), show little ability to adopt preferred 
conformations in solution other than some evidence for weak 
a-heiicity in the COOH-terminal region of Bn. A partial 
solution to this problem with peptides is to develop confor- 
mationally restricted analogues which are covalently cyclized 
while retaining as much affinity for their receptors as possible. 
Establishing those initial structural leads which enable po- 
tency to be retained after cyclization is often difficult; how- 
ever, early attempts to design cyclic Bn analogues did result 
in a moderately active agonist when positions 6-14 were joined 
(14) in a 4-14 structure, thus suggesting the feasibility of this 
type of approach. In the present study, we were also intrigued 
by the observations described above in which modifications 
to NH 2 - and COOH-terminal aromatic amino acid residues in 
Bn(6-14) analogues resulted in similar effects on biological 
activity. We reasoned that their side chains could be in close 
proximity while bound to receptors and that possibly cycli- 
zation from position 6-14 might be of some interest. A number 
of cyclization strategies are described utilizing short agonist 
and antagonist structures as starting points. 

EXPERIMENTAL PROCEDURES 
Materials 

Protected amino acids were obtained from Bachem, Inc., Torrance, 
CA. Rata were obtained from the Small Animals Section, Veterinary 
Resources Branch, NIH. HEPES was from Boehringer Mannheim; 
purified collagenase (type CLSPA, 440 units/mg) from Worthington 
Biochemicals; sodium borate, soybean trypsin inhibitor, carbamyl- 
choline, theophylline, bacitracin from Sigma; essential vitamin mix- 
ture (lOOx concentrated) from Microbiological Associates, Bethesda, 
MD; Na 1M I from Amersham Corp.; Phadebas amylase test reagent 
from Pharmacia LKB Biotechnology Inc.; bovine plasma albumin 
(Fraction V) from Miles Laboratories; COOH-terminal octapeptide 
of cholecystokinin (CCK-8) from Peninsula Laboratories, Belmont, 
CA; and FURA-2/AM from Molecular Probes, Eugene, OR. Stock 
cultures of murine Swiss 3T3 cells were kindly provided by Dr. E. 
Rozengurt, Imperial Cancer Research Fund, London. 

The standard incubation solution used in experiments involving 
pancreatic acini contained 24.5 mM HEPES (pH 7.4), 98 mM NaCl, 
6 mM KC1, 2.5 mM NaH 2 PO«, 5 mM sodium pyruvate, 5 mM sodium 
fumarate, 5 mM sodium glutamate, 2 mM glutamine, 11.5 mM glucose, 
0.5 mM CaCl 2 , 1.0 mM MgCl 2 , 5 mM theophylline, 1% (w/v) albumin, 
0.01% (w/v) trypsin inhibitor, 1% (v/v) amino acid mixture, and 1% 
(v/v) essential. vitamin mixture. The incubation solution was equili- 
brated with 100% O a , and all incubations were carried out with 0 2 as 
the gas phase. 



Methods 

Preparation of Peptides— Automated solid phase syntheses of pep- 
tides (Advanced ChemTech Model 200), including introduction of the 
reduced peptide bond, were carried out by the standard methods 
recently described by us (3) on methylbenzhydrylamine resin (Ad- 
vanced ChemTech, Louisville, KY) for COOH-terminal amides and 
Btandard Leu-O-polystyrene resin for analogues with free carboxyl- 
terminal COOH groups prior to cyclization. The single analogue 
containing the reduced peptide bond was synthesized by the method 
of Sasaki and Coy (15). The crude hydrogen fluoride-cleaved Cys 
peptide amides were cyclized in 90% acetic acid solution by titration 
with dilute la solution prior to purification. These materials and 
pepUde-free acids, prior to NHj- to COOH-terminal cyclization, were 
purified on a column (2.5 x 90 cm) of Sephadex G-25 which was 
eluted with 2 M acetic acid followed by preparative medium pressure 
chromatography on a column (1.5 X 45 cm) of Vydac C18 silica (10- 
15 tiro) which was eluted with linear gradients of acetonitrile in 0.1% 
trifluoroacetic acid using a Rainin (Woburn, MA) hplc system with 
a Macintosh computer controller (flow rate approximately 2 ml/min). 
Analogues were further purified by re-chromatography on the same 
column with slight modifications to the gradient conditions when 
necessary. Homogeneity of the peptides was assessed by thin layer 
chromatography and analytical reverserphase high pressure liquid 
chromatography, and purity was 97% or higher. Peptides with free 
termini were then cyclized in dilute dimethylformamide solution by 
treatment with a Bmall excess of dicyclohexyl(*rrx>a^ide/l-hydrox- 
ybenzotriazole or BOP reagent/diisopropylethylamine and monitor- 
ing by analytical hplc. They were further purified as already described. 

Amino acid analysis of acid hydrolysates of the peptides gave the 
expected amino acid ratios. The primary structures of the cyclic 
peptides were further confirmed by fast atom bombardment mass 
spectrometry, and each gave the expected molecular ion. 

Tissue Preparation— Dispersed acini from rat pancreas were pre- 
pared as described previously (9). 

Amylase Release— Dispersed acini from one rat pancreas were 
suspended in 150 ml of standard incubation solution, samples (250 
ml) were incubated for 30 min at 37 *C, and amylase release was 
measured as described previously (16, 17). Amylase activity was 
determined by the method of Ceska et aL (18, 19) using the Phadebas 
reagent Amylase release was calculated as the percentage of amylase 
activity in the acini at the beginning of the incubation that was 
released into the extracellular medium during the incubation. 

Effect of Peptides on Bombesin-stimulated Amylase Release— An- 
tagonist activity was determined as described before (9). Various 
concentrations of peptides were incubated alone or with 0.3 nM 
bombesin, a concentration that causes half-maximal stimulation 
which, in the present studies, was a 6,6-fold increase over basal 

Binding of ™l-Labeled [Tyr 4 ] Bombesin to Acini or 3T3 Fibro- 
blasts— ^HTyr^bombesin (2000 Ci/mmol) was prepared by the 
method described previously (20). l25 I-[Tyr 4 )bombesin was separated 
from m I using a Sep-Pak and separated from unlabeled peptide by 
reverse phase high pressure liquid chromatography on a column (0.46 
X 25 cm) of /iBondapak C18. The column was eluted isocratically 
with acetonitrile (22.5%) and triethylammonium phosphate (0.25 M 
(pH.3.5)) (77.6%) at a flow rate of 1 ml/min. Incubations contained 
0.05 nM 1M I-[Tyr 4 ]bombesin and were for 60 min at 37* C for pan- 
creatic acini and for 30 min at 22* C for 3T3 cells. 

Nonsaturable binding of ,25 I-[Tyr*]bombesin was the amount of 
radioactivity associated with the acini or 3T3 cells when incubation 
contained 0.05 nM m I-[Tyr 4 ]bombesin plus 1 mM bombesin. All 
values shown are for saturable binding, i.e. binding measured with 
l25 I-[Tyr 4 ]bombesin alone (total) minus binding measured in the 
presence of 1 mM unlabeled bombesin (nonsaturable binding). Non- 
saturable binding was <10% of total binding in all experiments. 

Effects of Peptides on Cytosolic Calcium in Swiss 3T3 Fibroblasts— 
Swiss 3T3 cells (3 x 10"* cells/ml) were' loaded with 2 mM FURA-2/ 
AM for 45 min at 37* C in standard incubation buffer without 
phosphate or essential vitamin mixture. Cytosolic Ca 2 \ [Ca 2 *!,-, was 
measured using a Delta PTI Scan-1 spectrofluorimeter (PTI Instru- 
ments, Gaithersburg, MD) which had provisions for continuous stir- 
ring and temperature control at 37 'C. Fluorescence was measured at 
500 nm after excitation at 340 nm and 380 nm. Autofluorescence of 
the unloaded cells was subtracted, and [Ca 2+ ], was calculated by the 
method of Grynkiewicz et aL (21). 



Cyclized Bombesin/ GRP/ Litorin Analogues 



16443 



RESULTS 

When tested at a concentration of 10 rnM, 9 of the 12 
cyclized Bn analogues stimulated amylase release from the 
rat acinar cells (Table I). Three analogues, [Cys 9,14 ]Bn, [D- 
Cys 6 ,Cys ,3 JBn(6-13), and [D-Cys 6 ,D-Ala 11 ,Cys l V 3 - 14 ]Bn(6- 
14) failed to stimulate amylase release (Table I). When each 
of these peptides was studied for antagonist properties by 
determining its ability to inhibit Bn-stimulated amylase re- 
lease, only the latter caused inhibition, whereas the other two 
were devoid of effect (Table I, right column). 

Dose-response curves illustrating the relative abilities of 
the cyclic analogues and several control peptides to stimulate 
or inhibit Bn-stimulated amylase release from these cells are 
shown in Fig. 1 and Fig. 2, respectively, and their ability to 
inhibit 126 I-[Tyr 4 ]Bn binding to Bn receptors on rat pancreatic 
acini cells is shown in Fig. 3. The ECm> and Ki values calculated 
from these data are given in Table II. Since all but one of the 
cyclic structures were based on either the Bn(6-14) sequence 
(N-Q-W-A-V-G-H-L-M-NHa), the 6-14 sequence containing 
the reduced peptide bond between positions 13 and 14, on 
litorin (<Q-Q-W-A-V-G-H-F-M-NH 2 ), which is closely re- 
lated to Bn(6-14), containing the V"bond between position 8 
and 9, or the desMet M -(6-13) sequence of Bn, a number of 
linear control peptides were included to encompass these 
sequences. These included Bn itself (I, Table II), [Leu u ]Bn 
(II), Bn(6-14) (III), [D-Phe 6 ]Bn(6-14) (IV), [D-Phe 6 ,D- 
Ala n ,Leu 14 )Bn (VII), litorin (IX), and [I*u* fl ] litorin (X), all 
of which were potent agonists with high affinities and Ki 
values ranging from 2-78 nM (Table II). Control representa- 
tives of previously described linear antagonists included [D- 
Phe fl ,Leu , V l3 - ,4 ]Bn(&-14) (XXIII) (IC W 40 nM), Bn(6-13) 
(XVIII) (ICfio 5.2 dm), [D-Phe 6 ]Bn(6-13) (XIX) (IC W 0.1 
mM), and [Leu 8 ,desMet 9 ] litorin (XXI) (IC W 0.77 mM). 

All cyclic and control linear peptides, except two cyclic 
peptides, [D-Cys 6 ,Cys l3 ]Bn<6-13) (XX) and [Cys* 14 ]Bn 
(XVII) and the linear peptide Bn(9-14) (XVI), interacted 
with Bn receptors to either stimulate or inhibit Bn-stimuiated 
amylase release (Figs. 1-3). In contrast to [D-Cys 6 ,Cys ls ]- 

Table I 

Effect of various cyclized Bn analogues on basal and Bn-stimulated 

amylase release from rat pancreatic acini cells 
Pancreatic acini were incubated at 37 *C for 30 min either alone, 
with 0.3 nM Bn, or a 10 mM concentration of the indicated concentra- 
tion of the cyclized Bn analogue alone or in combination. Values are 
means ± 1 S.E. from five separate experiments. Values for amylase 
release are expressed as the percentage of the total cellular amylase 
that was released into the extracellular medium during the incubation. 
NT-agonist = cyclized analogue was not tested for antagonist activity 
because it had agonist activity. 



Peptide added (10 ttli) 



Amylase release 



Alone Plus 0.3 nM Bn 



% total 

None 2.5 ± 0.1 14.6 ± 2.1 

[Cys w \D-Ala ,I lBn(6-14) 19.1 ± 0.6° NT-agonist 

[D-Cy6 & ,D-Aia n ( Lys H ]Bn(6-14) 18.1 ± 1.0° NT-agonist 

[D-Cy6 R ,Cys u ]Bn(6-14) 19.9 ± 1.1" NT-agonist 

CyclolD-Phe^u^JLitorin 17.9 ± 1.4° NT-agonist 

[Cys 7, \D-Ala 11 )Bn<6-14) 17.0 ± 1.9° NT-agonist 

[D-Cys 6 t Cy8 l3 ,Leu"]Bn(6-,14) 16.9 ± 1.2° NT-agonist 

Cyclo(Leu l \Bn(7-14)] 20.5 ± 2.5° NT-agonist 

Cyclo[desGly u ,Leu ,4 ]Bn<7-14) 13.6 ± 0,2° NT-agonist 

[Cys* u )Bn 2.7±0.l 9 13.9 ± 1.1 

|D*Cys* ? Cy8 ,:, )Bn(6-l3) 2.6 ± 0.2 14.2 ± 0.7 

Cyclo[Cpa\D-Ala 8 ( Leu*,desMet 9 ] litorin 17.5 ± 1.4° NT-agonist 

[P-Cys\p-Ala",Cys l V u '"]Bn(6-14) 2.6 ± 0.2 6.8 ± 1.1*. 

• Significantly greater than no additions, p < 0.01. 

* Significantly less than 0.3 nM Bn alone, p < 0.01. 




-7 -6 
CONCENTRATION (tog M) 

Fig. 1. Ability of various cyclized Bn-related peptides with 
agonist activity to stimulate amylase release from dispersed 
rat pancreatic acini. Pancreatic acini were incubated with the 
indicated concentration of the cyclized Bn-related peptide for 30 min 
at 37 *C. Results are expressed as the percentage of maximal re- 
sponses by 10 nM Bn. Basal and maximal amylase release was 2.5 ± 
0.1% and 19.6 ± 1.8% of total cellular amylase release, respectively. 
Each point is a mean from four separate experiments, and, in each 
experiment, each value was determined in duplicate. Vertical bars 
represent 1 S.E. 



-f 

(0-Cyi l .Cyt u JBn(6-t3)NH l 
[Cyi ,U fBn 




(D-Pht*JBnf&.l3)NH, 



[D-Ptw l X*u ,4 >13-14] Brt(e-14) 



-% -7 -6 -5 

CONCENTRATION (log M) 

Fig. 2. Ability of various cyclized and structurally related 
Bn peptides without agonist activity to inhibit Bn-stimuiated 
amylase release. Pancreatic acini were incubated with or without 
0.3 nM Bn, a half- maximally effective concentration, with the indi- 
cated concentrations of the various Bn-related peptides. Results are 
expressed as the percentage of the stimulated amylase release caused 
by 0.3 nM alone. Basal and 0.3 nM Bn-stimulated amylase release 
was 2.6 ± 0.1% and 14.6 ± 2.0% of the total cellular amylase release, 
respectively. Each point is a mean from four separate experiments, 
and, in each experiment, each value was determined in duplicate. 
Vertical bars represent 1 S.E. 

Bn(6-13) (XX, Table II), the linear peptides [D-Phe 6 )Bn(6- 

13) (XIX) or Bn(6-13) (XVIII) both functioned as receptor 
antagonists (Fig. 2 and Table II). Agonist activity and binding 
affinity were restored to XX by the addition of a Leu aubstit- 
uent to position 14 to give [D- Cys 6 ,Cys 13 ,Leu u ]Bn(6-14) 
(XIII) which still had very low affinity and biological potency 
(ECso 5.5 mM; if, = 28 mM) compared to the linear peptide 
[D-Phe 6 ]Bn(6-14) (EC*, 0.0006 mM; Ki = 0.006 mM) (Figs. 1 
and 3; Table II). Cyclization between positions 6 and 14 via a 
disulfide bridge in [D-Cys 6 ,Cys u ]Bn(6-14) (VIII) gave a much 
more potent agonist analogue (EC W 0.19 mM; K = 3.3 mM), 
and agonist potency was increased still further by the presence 
of D-Ala in place of Gly 11 to give [D-Cys 6 ,D-Ala 1 \Cys 14 ]Bn(6- 

14) (VI) (ECso 67 nM; Ki = 69 nM) (Figs. 1 and 3; Table II). 
Potency was partially lost if L-Cys was employed rather than 
D-Cys in position 6 and [Cys 6 ,D.Ala n ,Cys u ]Bn(6-14) (V) had 
an EC*} of 0.21 mM and a if, of 2.1 mM. Cyclization between 
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mM) (Figs. 1 and 3; Table II). Elimination of the COOH- 
terminal Met residue to give cyclo[p-Cpa l ,Leu M desMet tt ]li- 
torin (XXII) resulted in the most potent agonist of this series 
(EC W 0.7 mM; Kt = 0.4 mM) (Figs. 1 and 3; Table II). 

To confirm that the various cyclized Bn analogues that 
functioned as agonists were actually stimulating amylase re- 
lease through Bn receptor occupation, the effect of the specific 
Bn receptor antagonist, [D-Phe 6 ]Bn(S-13) methyl ester, on 
stimulation by the most potent cyclic agonist, [D-Cys 6 ,D- 
Ala n ,Cys ,4 ]Bn(6-14) was examined (Fig. 4). At a 2 nM dose 
level, the methyl ester caused half-maximal inhibition of 
amylase release produced by a 0.1 mM concentration of the 
cyclic agonist, whereas a 0.1 mM dose produced complete 
blockade of amylase release. Increasing the cyclic agonist 
concentration to 1 mM resulted in a typical parallel shift in 
the dose-reponse inhibition curve, indicating that the agonist/ 
antagonist were interacting in a competitive manner. 

Replacement of the position 13-14 peptide bond in the 
most potent agonist analogue of the Cys-bridged series (VI) 
by a CH 3 NH group to give tD-Cys 6 ,D-Ala ll ,Cys u ^ 13 - u ]Bn(6- 
14) (XXIV) resulted in destruction of agonist activity; how- 
ever, the peptide still retained binding affinity and exhibited 
a Kt of 2.2 mM (Figs. 1-3; Table II). This peptide was able to 
inhibit the amylase-releasing response of Bn itself (Fig. 2) 
with an IC«> of 5.7 mM. The inhibitory effect of this cyclic 
antagonist on Bn-stimuLated amylase release was investigated 
in more detail (Fig. 5) using acini incubated with various 
doses of Bn. Detectable amylase release occurred with 0.03 
nM Bn, half-maximal at 0.3 nM, and maximal at 10 nM. [D- 
Cys 6 ,D-Ala ll ,Cys 14 ,^ 13 - 14 ]Bn(6-14) caused a parallel rightward 
shift in the dose-response curve for Bn-stimulated amylase 
release, and this was proportional to the concentration of the 
analogue used (Fig. 5). There was no change in the maximal 
Bn response (Fig. 5). Analysis of these data by the Schiid 

Table II 

Bioactwities and affinities of cyclized and other structurally related Bn analogues for Bn receptors on rat pancreatic 

acini cells 

K, values for binding of the various analogues were calculated by the method of Cheng and Prusoff (28) and are 
from the data shown in Fig. 3. The EC M or ICw values are from the data shown in Figs. 1 and 2 and represent the 
concentration causing half-maximal amylase release or half-maximal inhibition of Bn-stimulated amylase release, 
respectively. Each value is the mean ± 1 S.E. of at least four experiments. Abbreviations: Antag = antagonist, Ag 
° agonist, P. Ag (% max) « partial agonist (percent maximal response), Cpa - p-chlorophenylalanine. 





Peptide 


Biological activity 


EC»/IC M 


Kt 








nM 




1 


Bn 


Ag 


0.0002 ± 0.0001 


0.004 ± 0.001 


II 


[Leu u ]Bn 


Ag 


0.0008 ± 0.0002 


0.021 ± 0.004 


III 


Bn(6-14) 


Ag 


0.0002 ± 0.0001 


0.006 ± O.001 


IV 


(D-Phe 6 )Bn(6-14) 


Ag 


0.0006 ± 0.0001 


0.002 ± 0.001 


V 


[Cys" 4 ,D-A]a"]Bn<6-14) 


Ag 


0.21 ± 0.03 


2.1 ± 0.3 


VI 


[D.Cys 6 ,D-Ala 1 \Cys"]Bn(e-14) 


Ag 


0.067 ± 0.006 


0.69 ± 0.09 


VII 


[n-Phe*,D-Ala I1 ,Uu"lBn(6-14) 


Ag 


0.010 ± 0.002 


0.013 ± 0.003 


VIII 


[D-Cys 6 ,Cys 14 ]Bn(6-14) 


Ag 


0.19 ± 0.01 


3.3 ± 0.7 


IX 


Litorin 


Ag 


0.0004 ± 0.0001 


0.006 ± 0.001 


X 


[Leu fl * 9 ]Litorin 


Ag 


0.49 ± 0.13 


0.78 ± 0.41 


XI 


Cyclo[D-Phe\W' 9 ]litorin 


Ag 


0.35 ± 0.04 


1.2 ± 0.1 


XII 


[Cys ? - u t D-Ala u ]Bn(6-14) 
[D-Cys 6 ,Cys 13 ,Leu ,4 ]Bn(6-14) 


Ag 


2.1 ± 0.1 


45.2 ± 10.6 


XIII 


Ag 


5.5 ± 0.8 


28.2 ± 10.2 


XIV 


Cyclo[Leu ,4 -Bn(7-14)J 


Ag 


1.2 ± 0.4 


4,0 ± 0.8 


XV 


Cyclo[de8-Gly M ,Leu u -Bn(7-14)l . 


Ag 


6.5 ±0.6 


25.8 ± 12.2 


XVI 


Bn(9-14) 


None 


No activity at 10 


>10 


XVII 


[Cys flH ]Bn 


None 


No activity at 10 


>30 


XVIII 


Bn(6-13) 


Antag 


5.2 ± 1.4 


9.2 ± 2.5 


XIX 


[D-Phe 6 ]Bn(6-13) 


Antag 


0.10 ± 0.02 


0.03 ± 0.01 


XX 


[D-Cys 6 ,Cys 13 JBn(6-13) 
(Leu R ,de8Mer) litorin 


- None 


No activity at 10 


58.4 ± 20.6 


XXI 


Antag 


0.7 ± 0.12 


0.32 ± 0.15 


XXII 


Cyclo[Cpa\D-Ala fi ,Leu*,desMet 9 ]litorin 
{D-Phe 6 ,Leu , V 3 - u ]Bn<6-14) 


Ag 


0.7 ± 0.2 


0.4 ± 1.8 


XXIII 


P. Ag (10% max) 


0.040 ± 0.012 


0.062 ± 0.001 


XXIV 


[D-Cys ft ,D-Ala n ,Cys 14 ^ ,s - u ]Bn(6-14) 


Antag 


5.7 ± 2.7 


2.2 ± 0.3 



positions 7 and 14 to give [Cys 7 ,D-Ala u ,Cys 14 ]Bn(6-14) (XII) 
resulted in a relatively weakly active agonist (ECw 2.1 mM; 
Kj = 45 mM) (Figs. 1 and 3; Table II). Cyclization of a D-Phe 1 
version of [Leu 8,9 ] litorin via the a-amino group and the 
COOH-terminal COOH group to give cyclo[D-Phe l ,Leu 8,B ] 
litorin (XI) retained almost all of the agonist potency (ECso 
0.35 mM; K, = 1.2 mM) of the former (Table II). The related 
shorter 7-14 analogue, cyclo[Leu u ]Bn(7-14) (XIV) was only 
a 3 times less potent agonist, and even removal of Gly" in 
this to give cyclo[desGly n ,Leu l4 ]Bn(7-14) (XV) resulted in 
retention of some agonist activity (ECso 6.5 mM; Kt - 25.8 




, _-|D-Cys'.Cys ll JBn(6-13)NH J 
« |Cys'"|Bn 

— cycto|d«G , y"- l -Bu 14 -Bo(7-i4)] 

— [D^yt'.Cys ,l .Leu ,4 I8ft(6-14) 

— |Cys T 1, .DAIa"IBo(S-14) 

— cyctaMu u -Bn(?-t4» 



cycMO^^O-Aia^L•u^desM« ^, •Lilorio| 
|0-Cys fc .Cys M Pn(6-14) 
^ — |0-Cys*.0-Ala".Cy»'*.*13-i4|Bn(G-M) 
cycto(0*P*>e'-Leu"Utorin) 
(Cy>°".D-Ma"]Bn(<M4) 

-* |D^y**.0-Ala n .Cys , *IBn{6-14l 



CONCENTRATION (tog M) 

Fig. 3. Ability of various cyclized Bn-related peptides to 
inhibit binding of 110 I-[Tyr 4 lBn to dispersed rat pancreatic 
acini. Pancreatic acini were incubated for 30 min at 30 *C with 50 
pM l26 I-[Tyr 4 ]Bn with the indicated concentrations of the cyclized Bn 
analogues. Results are expressed as the percentage of the saturable 
binding with no unlabeled cyclized Bn analogue present. Results are 
means from four separate experiments, and, in each experiment, each 
value was determined in duplicate. Vertical bars represent 1 S.E. 
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Fig. 4. Ability of the Bn-receptor antagonist [D-Phe 6 ]Bn(6- 
13) methyl ester to inhibit amylase release from rat pan- 
creatic acini stimulated by [D-Cys 6 f D-Ala l \ Cys l4 ]Bn(6-14). 
Pancreatic acini were incubated with or without either 0.1 or 1 
mm [D-Cys 6 ( D-Ala n t Cys l4 ]Bn(6-14) with the indicated concentrations 
of [D-Phe 6 ]Bn(6-13) methyl eater for 30 min at 37 "C. Values are 
expressed as the percentage of control which is the stimulated amylase 
release caused by 0.1 /iM or 1 jiM [D-Cys 6 ,D-Ala ,1 ,Cys ia ]Bn(6-14) 
alone. Basal* 0.1 mM, or 1 fiM [D-Cys 6 ,D-Ala ll ,Cys l3 ]Bn(6-14) caused 
3.6 ± 0.6, 14.6 ± 6.7, and 18.7 ± 2.4% of total cellular amylase. Each 
value is the mean of three separate experiments, and, in each exper- 
iment, each point is determined in duplicate. Vertical bars represent 
1 S.E. 
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Pig. 5. Ability of the cyclized analogue [D-Cys 6 ,D- 
Ala 11 ,Cy8 u f ^ 13 - ,4 IBn(6-14)NH» to affect Bn-stimulated am- 
ylase release. Pancreatic acini were incubated with or without 3 m m 
or 30 mm [D-Cys* t D-Ala ll ( Cys"^ ia - u ]Bn(6-14) with the indicated 
concentrations of Bn for 30 min at 37 *C. Amylase release is expressed 
as the percentage of the total cellular amylase released during the 
incubation period. Each value is the mean of three separate experi- 
ments, and, in each experiment, each point is determined in duplicate. 
Vertical bars represent 1 S.E. 

method gave the regression equation, y = 1.07(± 0.05)x + 
6.175 with a correlation coefficient of 0.99 (p < 0.001) which 
has a slope not significantly different from unity and gave a 
binding affinity of 1.7 ± 0.1 mM. The specificity of the 
inhibitory activity of [D-CyB 6 f D-Ala ll ,Cy8 14 ^ 13 - ,4 ]Bh(6-14) to 
inhibit the action of a number of agonists that do not interact 
with Bn receptors was studied (Table III). The analogue did 
not inhibit amylase release produced by CCK-8, carbachol, or 
secretin at 10 mM, a concentration which significantly inhib- 
ited Bn or neuromedin B -stimulated secretion (Table III). 

In previous studies (22), Bn-related peptides have been 
shown to interact with high affinity receptors on 3T3 cells 



Table III 

Effect of fD-Cyf,D-Ah l \<te l W*- li ]Bn(6-W on the abiUtyof 
various agents to stimulate enzyme secretion from rat pancreatic 
acini 

Pancreatic acini were incubated for 30 min at 37 *C with the 
indicated secretagogue either alone or with 10 mm [D-Cys 6 ,D- 
Ala 1! ,CyB l V 13 " u ]Bn(6-14). Results are expressed as the percentage 
of the total cellular amylase released into the extracellular medium 
during the incubation. Results are means ± 1 S.E. from five experi- 
ments, and in each experiment each value was determined in dupli- 
cate. 



Amylase release 



Secretagogue 



Alone 



Plus 10 fiM 
ln-Cys 4 t D-Ala n , 
Cys"^ IJ - ,4 ]Bn{6-14) 



None 4.0 ± 0.5 

Bn (0.3 nM) 15.0 ± 1.0 

Neuromedin B (30 nM) 16.4 ± 2.0 

CCK-8 (0.1 nM) 19.3 ± 2.4 

Carbachol (0.3 jiM) 15.7 ± 2,0 

Secretin (0.1 nM) 9.1 ± 1.0 



% total 

4.4 ± 0.8 
7.4 ± 2,0° 
5.7 ± 1.2° 

18.6 ± 1.9 

16.7 ± 1.7 
12.1 ± 2.0 



secretin <u.i fiM) a.j. :r i.u i^.i ^ *.u 

Significantly different from secretagogue alone, p < 0.01 



cyda(0MGV Uu ,4 *Bn<7. t4)j 




(D-Cys\Cys ,, .L«u'*JBm6*U) 
,|Cy."*]Bn 

P-Cri*.Cyi ,J JBn<B-13)NH, 
(Cyi F '\0-Ata M )Bn<8U) 

|D-Cy*\CyOBn<8-14) 
cydotD-Cpa'D Ala'W.dOT Met»-LHonn| 



-7 -6 -5 -* 

CONCENTRATION (tog M) 

PiG. 6. Ability of various cyclized Bn-related peptides to 
inhibit binding of ,aa I-[Tyr 4 ]Bn to 3T3 cells. 3T3 cells were 
incubated for 30 min at 37 "C with 50 pM 128 I-[Tyr*]Bn with the 
indicated concentrations of the cycli2ed analogues. Results are ex- 
pressed as the percentage of the saturable binding with no unlabeled 
cyclized analogue present. Results are the means from four separate 
experiments, and, in each experiment, each value was determined in 
duplicate. Vertical bars represent 1 S.E. 

resulting in the activation of phospholipase C, mobilization 
of calcium, and stimulation of growth. The present cyclic 
analogues were examined for their ability to displace m I- 
[Tyr 4 ]Bn from intact 3T3 cells (Fig. 6) or alter cytosolic Ca 2+ 
in 3T3 cells (Fig. 7). In a similar fashion to Bn receptors on 
pancreatic acini, [D-Cys 6 ,D-Ala u ,Cys u ]Bn(6-14) (K, = 0.95 
mM) had the highest affinity of all the cyclic analogues. 
Furthermore, each of the analogues had the same relative 
potencies for Bn receptors on both cell types (compare Figs. 
3 and 6). [D-Cys 6 t D-Ala ll ,Cys H ^ l3 - u ]Bn(6-14) also bound to 
Bn receptors on 3T3 cells with a 2 -fold higher affinity than 
on rat acinar cells (K, = 1.0 ± 0.1 versus 2.2 ± 0.3 mM, 
respectively). To investigate whether these analogues were 
functionally active on 3T3 cells, the abilities of [D-Cys 6 ,D- 
Ala ll ,Cys 14 ]Bn(6-14), which functions as an agonist in pan- 
creatic acini, and [D-Cys 6 ,D-Ala n ,Cys H ^ l3 * H ]Bn(6-14), which 
functions as an antagonist in acini, to alter cytosolic Ca 2+ in 
3T3 cells were determined (Fig. 7). The former caused a dose- 
dependent increase in [Ca 3+ ], with a half -maximal effect at 1 
mM (Fig. 7, right) t whereas the latter peptide had no effect at 
doses up to 30 mM (Fig. 7, middle) but caused a dose-depend- 
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(togM) *)i13-i4JBn(6-i4) 

Fig. 7. Ability of [D-Cys 6 ,D-Ala ll ,Cys ,4 ]Bn(6-14) or [d- 
Cy8 8 ,D-Ala u ,Cys I \^ l3-l4 ]Bn(6-14) to alter cytosolic calcium 
in 3T3 cells. 3T3 cells were incubated with the indicated concentra- 
tions of the cyclized analogues alone {left and center panel) or with 1 
nM bombesin {right panel). In the left panel, the time of the ability 
of the indicated concentration of the cyclized Bn analogue to alter 
cytosolic calcium is shown, and, in the middle panel, the results are 
expressed as the percentage of the maximal response by 30 (d- 
Cys\D-Ala il ,Cys w ]Bn{6-14). In these experiments, the control value 
of cytosolic calcium was 98 ± 9, and the 30 mM (D-Cys 6 ,D-Ala n , 
Cys w JBn(6-14) response was 221 ± 4. In the right panel is shown the 
ability of various concentrations of [D-Cys e ,D.Ala ,, ,Cys 14 ^ , *' 14 ]Bn(6- 
14) to inhibit the increase in cytosolic calcium caused by 1 nM 
bombesin. In these experiments, basal calcium concentration was 113 
± 5, and 1 nM stimulated the cytosolic calcium to 233 ± 5 {n — 5). 
Vertical bars represent 1 S.E. 

ent inhibition of the Bn-stimulated increase in [Ca 2+ ],- with a 
half-maximal effect at 1 mM (Fig. l f right). 

DISCUSSION 

Cyclization of normally flexible, linear peptides has become 
a standard approach in analogue design and can result in 
interesting effects on biological properties, in vivo stability, 
and specificity and also yield much useful information on the 
mechanism of action of the ligand which, even in solution, 
would necessarily have a closer conformational resemblance 
to its receptor-bound state as long as reasonable affinity was 
maintained. The technique has been tried on numerous pep- 
tide systems and, in particular, work on cyclic enkephalin 
analogues with disulfide bridges (23), 6 receptor specificity, 
and luteinizing hormone- releasing hormone analogues with 
multiple amide bridges (24) has resulted in analogues with 
sufficient rigidity to be useful for NMR conformational stud- 
ies. 

In the present Bn study, the already discussed choice of 
positions 6 and 14 as cyclization points appears to be sound 
in that it has resulted in retention of significant binding 
affinity with (d)-C-Q-W-A-V-G-H-L-C-NH 2 (VIII), although 
this was roughly 1000 times less than its linear counterpart, 
[D-Phe fl ]Bn<6-14) (IV) for the rat acini cells. The ring size 
significantly affected affinity because the 7-14 cyclic, N-C- 
W-A-V-(D)-A-H-L-C-NH2 (XII), underwent a considerably 
greater loss of affinity, and the 9-14 analogue (XVII) had no 
activity. The fact that the affinity of VIII could be increased 
5-foid by substitution of D-Ala for Gly in position 11 to give 
(D)-C-Q-W-A-V-(D)-A-H-L-C-NH 2 (VI) is strongly indicative 
of stabilization of folding by, perhaps, 0-turn formation, This 
position in the linear peptides has previously been proposed 
(1, 25) as a potential folding site which might be stabilized by 
D- Ala; however, in the linear peptides, little effect on potency 
is generally observed. In the present series of peptides, [D- 
Phe 6 ,D-Ala n ,Leu l4 ]Bn (VII) is actually one-half as potent as 
[D-Phe 6 ]Bn(6-14) (IV) (Table II), and this can probably be 



attributed to the Leu 14 substitution (also compare I and II). 
The importance of a D-amino acid in position 6 also is 
illustrated by the over 3-fold loss of potency and binding 
affinity with C-Q-A-V-(D)-A-L-C-NH 2 (V), thus suggesting 
the possibility of folding in thiB region of the peptide backbone 
as well. High resolution NMR studies are being attempted on 
the Cys-bridged agonist and antagonist analogues (VI and 
XXTV, respectively) using peptide solutions in MeOH, di- 
methyl sulfoxide, and dimethyl sulfoxide/H 2 0 at various tem- 
peratures. 2 The quality of the one -dimensional spectra has 
generally been poor due to line.broadening at all temperatures, 
making complete structural assignments difficult. The two- 
dimensional spectra yielded better data, and cyclization be- 
tween the 2 Cys residues could be shown by NOEs between 
[Cys^CHMD-Cys 6 ^] and [Cys u NH 2 HD-Cys 6 C"H]. How- 
ever, too few nonsequential NOEs have been observed for the 
presence of specific turns or conformations to be proposed. It 
should be emphasized, however, that even when cyclized these 
quite large sequences still possess relatively little conforma- 
tional restraint and thus retain much of the flexibility of the 
linear peptides in solution. Meaningful NMR measurements 
aimed at elucidating possible receptor-bound conformations 
thus requires the introduction of much additional structural 
simplification and restraint for which the present analogues 
provide a useful basis. 

In the present synthetic studies, the disulfide bridge strat- 
egy involving linked amino acid side chains was not the only 
successful method for producing biologically active cyclic an- 
alogues. The joining of termini in the Bn(6-14) series or 1-8 
litorin series via a normal peptide bond also retained affinity 
and amylase releasing activity. Cyclo[(D)-F-Q-W-A-V-G-H- 
L-L] (XI, Table II) was about as potent as its Cys-bridged 
counterpart (VIII). Shortening the chain to 8 amino acids by 
removal of 1 NH 2 -terminal residue to give cyclo[Q-W-A-V- 
G-H-L-L] (XIV) resulted in little loss of activity, and even 
further shortening by removal of the Gly residue to give 
cyclo[Q-W-A-V-H-L-L] (XV) resulted in the surprising reten- 
tion of significant potency. 

We were also interested in designing constricted Bn recep- 
tor antagonists by approaches similar to those used previously 
(26) in the linear analogues, that is by either removal of the 
NH 2 -terminal amino acid or incorporation of the CH 2 NH 
bond between the 2 COOH-terminal amino acids. Elimination 
of the COOH-terminal amino acid in the Cys-bridged series 
with [D-Cys 6 ,Cys 13 ]Bn{6-13) (XIX) resulted in almost com- 
plete loss of affinity for both rat pancreatic acini and 3T3 
cells and probably reflects the incompatibility of the position 

13 side chain to derivatization in this manner since readdition 
of the position 14 amino acid in XIII resulted in only a partial 
regaining of affinity. Elimination of the COOH-terminal 
amino acid in the head-to-tail cyclics to give cyclol(D)-p-CI- 
F-Q-W-A-V-G-H-L] (XXII) resulted in complete retention of 
binding affinity and agonist potency. In this structure, how- 
ever, the position 6 amino acid becomes synonymous with the 
position 14 residue so that it can be considered to be simply 
a NHj-terminally shortened analogue containing a D- amino 
acid in position 14. 

The reduced peptide bond approach using the most potent 
Cys-bridged cyclic agonist analogue (VI) as the base structure 
was much more successful in producing an antagonist. Incor- 
poration of a reduced peptide bond between positions 13 and 

14 converted it from an agonist to full antagonist (XXIV) 
with only about a 3-fold loss of binding affinity. A number of 
observations supported the conclusion that this cyclic peptide 
was inhibiting the action of Bn by functioning as a Bn- 

2 G. Van Binst and P. Verheyden, personal communication. 
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receptor antagonist. The inhibitory activity was only observed 
for the Bn-receptor agonists, Bn and neuromedin B, and not 
for other pancreatic secretagogues such as CCK-8 and secretin 
which stimulate secretion through different receptors. A 
Schild plot of the ability of the cyclic antagonist to inhibit , 
the action of Bn on pancreatic acini gave a slope not signifi- 
cantly different from unity, thus suggesting it was behaving 
as a classical Bn receptor antagonist. Also, for both 3T3 cells 
and rat pancreatic acini, the dose- inhibition curves for alter- 
ing Bn- induced changes in biological activity and inhibiting 
m I- labeled Bn extended over the same concentration ranges 
which demonstrates directly that inhibitory activity is attrib- 
utable to Bn receptor occupation. Interestingly, this antago- 
nist was devoid of detectable partial agonist activity, whereas 
its linear counterpart, [D-Phe 6 ,Leu 1 V(CH 2 NH)Leu u ]Bn(6- 
14) (XXIII) has been shown to retain partial agonist activity 
(8). 

We have theorized previously (6) that the conversion of an 
agonist to an antagonist structure by replacement of the 13- 
14 peptide bond was in some way related to the loss of the 
normal peptide bond CO group and a concomitant hydrogen 
bond with a peptide bond NH group present in another part 
of the peptide chain. This could result in greater rotational 
freedom at the COOH terminus and destruction of the correct 
agonist conformation via side chain shifts. It could be argued 
that antagonist formation by insertion of the pseudopeptide 
bond in a cyclic peptide in which free rotation is already 
suppressed by the disulfide bridge does not support this con- 
clusion. However, as already mentioned, these large cyclic 
peptides still possess much flexibility so that loss of a tran- 
sannular hydrogen bond could still produce sufficient confor- 
mational change for bioactivity to be Lost. 

In summary, a number of biologically active cyclic bombesin 
receptor agonist and antagonist analogues have been synthe- 
sized and characterized which comprise from 7-9 amino acid 
residues, the success of a variety of cyclization strategies, 
chain sizes, and additional conformational restraint via the 
use of D-amino acid suggests that further structural simplifi- 
cation and potency increases can be obtained There is much 
literature precedent for this; for instance, the cyclic so- 
matostatin tetradecapeptide was finally reduced to a 6- residue 
cyclic structure with much enhanced potency (27) by struc- 
ture-activity studies and molecular modeling techniques. Such 
structurally simplified and constrained Bn/GRP analogues 
would be of great value in elucidating the binding conforma- 
tions of both agonists and antagonists and might also have 
improved pharmacological and pharmacokinetic properties. 
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Each peptide bond CONH group in the most impor- 
tant COOH-terminal octapeptide region of [Leu ^bom- 
besin was replaced by a CH a NH group using recently 
developed rapid solid-phase methods. The resulting 
analogues were then examined for amylase releasing 
activity in guinea pig pancreatic acini and for their 
ability to inhibit binding of [ ia *I-Tyr 4 ]bombesin to aci- 
nar cells. Replacement of the Trp 8 -Ala e , Gly ll -His", 
and His ia -Leu ia peptide bonds resulted in about 
1000-, 200-, and 300-fold losses in both amylase re- 
leasing activity and binding affinity. The Val 10 -Gly 
replacement, however, retained 30% potency relative 
to the parent peptide. Ala'-Val 10 and Leu"-Leu 14 bond 
replacement analogues exhibited no detectable amy- 
lase releasing activity but were still able to bind to 
acini with K d values of 1060 and 60 nM, respectively 
(compared to 15 nM for [Leu 14 ]bombesin itself). Sub- 
sequently, both analogues were demonstrated to be 
competitive inhibitors of bombesin-stimulated amylase 
release with IC M values of 937 and 35 nM, respectively . 
[Leu u -*-CHsNH-Leu ls ]Bombesin exhibits a 100-fold 
improvement in binding affinity compared to previ- 
ously reported bombesin receptor antagonists and 
showed no affinity for substance P receptors. It was 
also a potent inhibitor of bombesin-stimulated growth 
of murine Swiss 3T3 cells with an IC50 of 18 nM. In 
terms of a bombesin receptor-binding conformation, 
these results may aid in the delineation of intramolec- 
ular hydrogen-bonding points and the eventual design 
of improved, conformationally restricted analogues. 



There has been considerable interest in the design and 
development of competitive bombesin receptor antagonists as 
possible antimitotic agents since the discovery that bombesin 
(pGlu-Gln-Arg-Uu-Gly-Asn-Gin-Trp-Ala-Val-Gly-His-Leu- 

Met-NHa) and related peptides (1) act as potent autocrine 
growth factors in human small cell lung carcinoma systems 
in vitro and in vivo (2, 3). These cells also contain high levels 
of bombesin immunoreactivity (4) and high affinity receptors 
for the peptide (5, 6). 

There have been two published reports concerning peptide 
analogues capable of blocking the actions of bombesin. The 
first of these (7) described the ability of a substa nce P receptor 

* The costs of publication of this article were defrayed in part by 
the payment of page charges. This article must therefore be hereby 
marked "advertisement" in accordance with 18 U.S.C. SecUon 1734 
solely to indicate this fact. . 

1 Present address: Tohuku CoUege of Pharmacy, Sendai, Miyagi 
983, Japan. 



antagonist to prevent bombesin-stimulated pancreatic amy- 
lase release with an IC M in the millimplar range. The second 
(8) report concerned a bombesin analogue in which D-Phe 
replacement for His 12 resulted in a competitive antagonist. 
Although this latter compound was specific for pancreatic 
bombesin receptors, it also had a relatively high ICw of 4 mM. 

In the present paper, rather than using the classical aide 
chain modification strategies, we have adopted a more unusual 
peptide backbone modification approach to bombesin ana- 
logue design and antagonist discovery. This was prompted by 
a recent report (9) in. which the tetragastrin pseudopeptide, 
t-butoxycarbonyl-Trp-Leu-^[CH 8 NH] -Asp-Phe-NH 2( was 
found to be an effective gastrin receptor antagonist and our 
own work (10) on if-CH 3 NH pseudooctapeptide somatostatin 
analogues which were helpful in examining potential peptide 
bond involvement in intramolecular hydrogen bonding and 
peptide conformation. Although the reduced peptide bond is 
only one of many possible alternatives (11) for altering the 
CONH linkage, it also has the advantage of being easily 
incorporated (12) by reductive alkylation with sodium cyano- 
borohydride and the appropriate protected amino acid alde- 
hyde during the rapid solid-phase synthesis of a peptide. 
Synthetic work was concentrated on the COOH-terminal half 
of the bombesin peptide chain which earlier structure-activity 
studies (13) indicate to be primarily responsible for receptor 
binding and triggering of the biological signal. To elmunate 
the readily oxidized Met 14 residue, the analogues described 
here were based on [Leu l4 ]bombesin which retains about 33% 
of the biological potency and binding affinity of bombesin 
itself (Table I). 

EXPERIMENTAL PROCEDURES 
Materials 

Protected amino acids and other synthetic reagents were obtained 
from Advanced ChemTech, Louisville, KY. NIH strain guinea pigs 
/ 175-225 e) were obtained from the Small Animals Section, Veteri- 
nary Resources Branch, National Institutes of Health. HEPES 1 was 
from Boehringer Mannheim; purified collagenase (type CLSPA, 440 
units/mg) from Worthington; sodium borate, soybean trypsin inhib- 
iter, carbamylcholine, theophylline, bacitracin, and S-bromo-cAMP 
from Sigma; essential vitamin mixture (100X concentrated) from 
Microbiological Associates; glutomine and «Mtojn-I<2-17) from 
Research Plus; "'Mabeled N-succinimydyl-3-(4-hydroxy- 
phenyl)propionate (1500 Ci/mmol) and Na m I from Amersham Corp.; 
F'Hlthynudine from Du Pont-New England Nuclear, Phadebas am- 
ylase test reagent from Pharmacia LKB Biotechnology Inc.; bovine 
plasma albumin (Fraction V) from Miles Laboratories; A23187 from 

1 The abbreviations used are: HEPES, 4(2-hydroxyethyl)-l-piper- 
arineethanesulfonic acid; ^I-BH-SP, >»I-labeled Bolton-Hunter- 
substance P; LH-RH, luteinizing hormone-releasing hormone. 
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Bebring Diagnostics; vasoactive intestinal polypeptide and substance 
P from Peninsula Laboratories. COOH-terminal octapeptide of cho- 
lecystokinin was a gift from M. Ondetti, Squibb Institute for Biomed- 
ical Research, Princeton, NJ. 

The standard incubation solution used in experiments involving 
pancreatic acini contained 24.5 mM HEPES (pH 7.4), 6 mM, NaCl, 
2.5 mM, KC1, 5 mM NaHjPO^ 5 mil Na pyruvate, 5 mM, Na fumarate, 
5 mM Na glutamate, 2 mM glutamine, 11.6 mM glucose, 0.5 mM CaCls, 
1.0 mM MgCl 2 , 5 mM theophylline, 1% (w/v) albumin, 0.01% (w/v) 
trypsin inhibitor, 1% (v/v) amino acid mixture, and 1% (v/v) essential 
vitamin mixture. The incubation solution was equilibrated with 100% 
0 2 and all incubations were carried out with 0 3 as the gas phase. 

Methods 

Preparation of Peptides— Solid-phase syntheses, including intro- 
duction of each reduced peptide bond, were carried out by the stand- 
ard methods recently described by Sasaki and Coy (12). The crude 
hydrogen fluoride-cleaved peptides were purified on a column (2.5 x 
90 cm) of Sephadex G-25 which was eluted with 2 M acetic acid, 
followed by preparative medium pressure chromatography on a col- 
umn (1.5 X 45 cm) of Vydac C« silica (15-20 /im) which was eluted 
with a linear gradient of 15-55% acetonitrile in 0.1% trifluoroacetic 
acid using an Eldex Chromatrol gradient controller (flow rate 1 ml/ 
min). Analogues were further purified by re -chromatography on the 
same column with slight modifications to the gradient conditions 
when necessary. Homogeneity of the peptides was assessed by thin 
layer chromatography and analytical reverse-phase high pressure 
liquid chromatography, and purity was 97% or higher. Amino acid 
analysis gave the expected amino acid ratios. The presence of the 
reduced peptide bond was demonstrated by fast atom bombardment 
mass spectrometry. Each of the 6 analogues gave good recovery of 
the molecular ion corresponding to the calculated molecular mass of 
1587. 

Tissue Preparation — Dispersed acini from guinea pig pancreas were 
prepared as described previously (14). 

Amylase Release — Dispersed acini ftom one guinea pig pancreas 
were suspended in 150 ml of standard incubation solution and samples 
(250 fd) were incubated for 30 min at 37 °C. Amylase activity was 
determined by the method of Ceska et at (15, 16) using the Phadebas 
reagent. Amylase release was calculated as the percentage of amylase 
activity in the acini at the beginning of the incubation that was 
released into the extracellular medium during the incubation. 

Binding of P^I-Tyr*] Bombesin— p^I-Tyr^Bombeain (2000 Ci/ 
mmol) was prepared using a modification (17) of the chloramine-T 
method of Hunter and Greenwood (18). [ 12a I-TyT 4 ]Bombeain was 
separated from using a Sep-Pak and separated from unlabeled 
peptide by reverse-phase high pressure liquid chromatography on a 
column (0.46 x 25 cm) of /tBondapak Ci*. The column was eluted 
isocratically with acetonitrile (22.5%) and triethylammonium phos- 
phate (0.25 M, pH 3.5) (77.5%) at a flow rate of 1 ml/min. Incubations 
contained 0.05 nM [ 135 I-Tyr 4 ]bombesin and were for 30 min at 37 *C. 
Nonsaturable binding of [ lS5 I-Tyr 4 ]bombesin was the amount of ra- 
dioactivity associated with the acini when incubation contained 0.05 
nM [ l2 *I-Tyr 4 ] bombesin plus 1 mM bombesin. All values shown are 
for saturable binding, i.e. binding measured with [ m I-Tyr 4 ] bombesin 
alone (total) minus binding measured in the presence of 1 mM 
unlabeled bombesin (nonsaturable binding). Nonsaturable binding 
was <20% of total binding in all experiments. 

Binding of ™I-Bolton-Hunter-Sub8tance P ^I-BH-SP)— W I-BH- 
SP (1500 Ci/mmol) was prepared using a modification (19) of the 
method of Bolton and Hunter (20) and purified by reverse-phase high 
pressure liquid chromatography on a Cj« column (21). Binding of ^I- 
BH-SP to dispersed pancreatic acini was measured as described 
previously (19). Nonsaturable binding of 128 I-BH-SP was the amount 
of radioactivity associated with the acini when the incubation con- 
tained 0.06 nM ia *I-BH-SP plus 1 mM unlabeled substance P. All 
values given are for saturable binding, Le. binding measured with l2s I- 
BH-SP alone (total) minus binding measured with 1 mM unlabeled 
substance P (nonsaturable). Nonsaturable binding was <20% of total 
binding in all experiments. 

Growth of Swiss 3T3 Fibroblasts— Stock cultures of Swiss 3T3 cells 
(American Type Culture Collection CCL 92) were grown in Dulbec- 
co's modified Eagle's medium supplemented with 10% fetal calf serum 
in an atmosphere of 10% CO s , 90% air at 37 *C. The cells were seeded 
into 24-well cluster trays and used 4 days after the last change of 
medium. The cells were arrested in the Gi/G 0 phase of the cell cycle 



by changing to serum-free medium prior to thymidine uptake deter- 
minations. 

Assays ofDNA Synthesis— 3T3 cells were washed twice with 1-ml 
aliquota of medium (without serum) and then incubated with medium, 
0.5 mM [*H] thymidine (20 Ci/mmol), bombesin (1 nM), and several 
concentrations of bombesin analogue in a final volume of 0.5 ml. 
After 28 h at 37 *C, [ 3 H]thymidine incorporation into acid-insoluble 
pools was then determined. Cells were washed twice with ice-cold 
0.9% saline (1-ml aliquota) and acid-soluble radioactivity was re- 
moved by a 30-min (4 ) incubation with 5% trichloroacetic acid, The 
cultures were washed once with 95% ethanol (1 ml) and solubilized 
by a 30-min incubation with 0.1 N NaOH. The solubilized material 
was measured for radioactivity on the scintillation counter. 

RESULTS 

We were interested in quantitating both the agonist and 
potential antagonist activity of the 6 analogues which were 
synthesized. They were, therefore, initially examined for stim- 
ulating effects on pancreatic amylase release, which is a major 
biological activity of bombesin peptides, and the dose-re- 
sponse curves obtained are shown in Fig. 1 in comparison to 
bombesin and [Leu u ]bombesin standards. EC50 values calcu- 
lated from half -maximal stimulation concentration are given 
in Table 1. Only [Val l VCH 2 NH-Gly u ,Leu"]bombesin re- 
tained high potency, being about three times less active than 
[Leu w ]bombesin itself. Analogues with 11-12, 12-13, and, 
particularly, fcV-9 peptide bond replacement were several or- 
ders of magnitude less potent, but were full agonists. In 
contrast* 9-10 and 13-14 bond replacement completely de- 
stroyed detectable amylase releasing activity. The analogues 
were then tested for their abilities to inhibit binding of [ 125 I- 
Tyr 4 ]bombesin to pancreatic acini and inhibition curves are 
shown in Fig. 2 with calculated values given in Table I. 
All analogues displayed affinities that correlated completely 
with their biopotencies with the exception of the 9-10 and 
13-14 replacement peptides which were able to bind with Kt 
values of 1060 and 60 nM, respectively, despite having no 
amylase releasing activity. 

The 9-10 and 13-14 replacement peptides were tested for 
inhibition of the amylase release produced by a 0.2 nM dose 
of bombesin (Fig. 3). Both gave concentration-dependent 
inhibition of the activity of bombesin and the calculated IC&o 
values were 937 ± 8 and 35 ± 7 nM, respectively. Finally, the 
antagonists were examined for their specificity towards bom- 




-11 



-10 -9-8-7-6 
CONCENTRATION {log M) 



FiG. 1. Effect of various concentrations of bombesin and 
[Leu 14 ]bombesin standards and 6 reduced-pep tide bond re- 
placement analogues on amylase release from dispersed 
guinea pig pancreatic acinar cells under conditions described 
in the text. Values are the means from five experiments ± standard 
error. 
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Table I 

Comparison of the ability of bombesin and [Leu 1 *] peptide bond replacement analogues to stimulate dispersed acinar 
amylase release and displace F^I-Tyr 4 ) bombesin from intact cells 
K* values for binding of the analogues were calculated by the method of Cheng and Pruaoff (28). The iCr value 
for bombesin was determined by Scatchard analysis. EC» and IC» values are from data shown in Figs. 2 and 3 
and represent concentrations of peptide causing half-maximal amylase release or half-maximal inhibition of 0.2 
nM bombesin-stimulated release, respectively. Each value is the mean ± S.E. of five experiments. 



Bond replaced 


Amylase release 
<EC W ) 




Binding (K<) 










8 9 10 11 12 13 14 
-Trp-Ala-Val-Gly-His-Uu-Met-NH 2 
Leu 


0.2 ± 0.1 
0.8 ± 0.3 
1060.5 ± 14.5 
ND fc 
2.1 ± 0.3 
140.6 ± 20.5 
251.8 ± 36.6 
ND' 




4.4 ±0.6 
15.1 ± 2.9 
15500.6 ± 2040 

1060.7 ± 140.8 
38.9 ±5.9 

2410.8 ±154.5 
4512.6 ±1132.3 

59.6 ± 5.8 



■ ~, Peptide bond replaced. 

6 Antagonist, IC M = 937 ± 8 nM. 

* Antagonist, IC M = 35 ± 7 nM (see Fig. 3). 




100 
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-9-8-7-6 
CONCENTRATION (log M) 



Fig. 2. Displacement of " 8 I- labeled bombesin from intact 
guinea pig pancreatic acinar cells by various concentrations 
of bombesin, [Leu 14 ]boinbesin, and 6 peptide bond replace- 
ment analogues under conditions described in the text. Values 
are the means from five experiments ± standard error. 




-9 -8-7-6-5 
CONCENTRATION (log M) 

FlC. 3. Inhibitory effects of various concentrations of 
[Leu".*-CH,NH-Leu"]- and [Ala»-*-CH 2 NH-Val ,0 ]bombesin 
on guinea pig pancreatic acinar amylase release stimulated 
by 0.2 nM bombesin under conditions described in the text. 

Values are the means from five experiments ± standard error. 
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-10 -9 -8 -7 -€ -5 
CONCENTRATION (log M) 

Fig. 4. Displacement of ia *I-labeled Bolton-Hunter-sub- 
stance P from guinea pig pancreatic acinar cells by a sub- 
stance P standard and [Leu"-*-CHaNH-Leu 14 ]- and [Ala»-V- 
CHsNH-Val 10 ]bombesin under conditions described in the 
text. Values are the means from five experiments ± standard error. 

besin receptors. Importantly, no inhibition of the binding of 
126 I-labeled substance P could be achieved at concentrations 
up to 10 mM (Fig. 4). No inhibition of amylase release stim- 
ulated by substance P, cholecystdkinin 8, vasoactive intestinal 
polypeptide, 8-bromo-cAMP, or A21837 was evident at the 
concentrations tested (Table II). The dose-response curve for 
bombesin-stimulated amylase release was shifted in a parallel 
fashion to the right by increasing concentrations of either the 
13-14 (data not shown) or 9-10 bond replacement peptide. 
Schild plots for both peptides demonstrated a slope not sig- 
nificantly different from unity with a K* of 22 ± 6 nM for the 
13-14 and 473 ± 60 nM for the 9-10 bond replacement 
analogue. 

The antagonist activity of [Leu l3 -^-CH 2 NH-Leu")bom- 
besin was also examined in a totally different biological sys- 
tem, murine Swiss 3T3 fibroblast cells, the growth of which 
is stimulated by bombesin agonists (22) and which are known 
to contain bombesin receptors (23). Excellent inhibition of 
oombesin-stimulated growth was demonstrated and data from 
three experiments based on [ 3 H J thymidine incorporation are 
shown in Fig. 5. An average IC W of 18 nM (Table III) was 
obtained from these experiments, which agrees very well with 
that derived from the acinar cell system. For comparison, a 
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Table II 

Effect of [Uu^-CHtNH'Leu"]- and [Ata^CHJtH-Val 1 *, Leu u J bombesin on guinea pig pancreatic acinar 

amylase release stimulated by various agents 



AmyUae release. 



Secretogogue 



Alone 



+0.3 mM 13-14 
analogue 



+10 mM 9-10 
analogue 



None 

Bombesin (0.2 nM) 
Substance P (3 nM) 
Cholecyetokinin 8 (0.1 nM) 
CarbachoKlO mM) 

Vasoactive intestinal polypeptide (0.1 nM) 
8-Bromo-cAMP (1 mM) 
A21837 (3 mM) 



3.9 ± 0.7 

17.1 ± 2.3 

10.3 ± 1.1 
35.6 ± 2.2 

28.4 ± 2.2 

20.2 ± 2.4 
24.0 ± 2.1 
13.2 ± 1.9 



% total' 
4.1 ± 0.3 
4.3 ± 0.3* 

10.8 ± 0.3 

33.9 ± 2.1 
28.0 ± 2.9 
20.4 ± 0.9 
23.8 ± 2.5 
12.3 ± 0.3 



4.0 ± 0.2 

5.1 ± 1.0* 
11.2 ± 0.7 
36.7 ± 3.0 

30.0 ± 3.6 

22.1 ±1.1 
25.1 ± 7.3 
13.0 ± 1.3 



* Results are the means ± S.E. from five separate experiments. 
b p < 0.01 compared to bombesin alone. 



Table III 

Comparison of the effectiveness of inhibition of 3T3 cell growth by two 

bombesin antagonists and a substance P antagonist 

Peptide [Cm 

nM 

[D-Phe l, ]Bombesin >5000 
[D-Arg\ D-Pro J , D-Trp 7J \ Leu 11 ) 2900 
Substance P 

[Uu"^-CH a NH-Leu u ]Bombeain 18 ± Y2T 

" Calculated from the data shown in Fig. 5. 




0 BN (1) 1 10 100 1000 



ANALOG DOSE (nM) 

Fig. 5. [Len ,a -^-CHiNH-Leu l4 ]Bombesin inhibition of bom- 
besin-stimulated [ s H]thymidine incorporation into murine 
Swiss 3T3 cells in culture. Values are the means from three 
experiments ± standard error. 



substance P receptor antagonist exhibited an IC&o of 2600 nM 
and our previous [D-Phe 12 ]bombesin antagonist was not ef- 
fective at concentrations up to 5000 nM. 

DISCUSSION 

Although modifications to a peptide bond have long been 
considered an interesting approach to structure-activity rela- 
tionships, it was not until recently that the chemistry for 
introducing one of them, the CH 2 NH group, was simplified 
by adapting it to rapid solid-phase methods (12). Therefore, 
we are only just beginning to build a sufficiently large data 
base for this type of analogue with which to eventually derive 
some indication of what can be expected in terms of effects 
on biological activity generally. Thus far, reduced peptide 
bond somatostatin (10), gastrin (9), and bombesin analogues 
have not yielded any compounds with increased biopotency 
caused by increased receptor affinity. Likewise, in a reduced 
peptide bond series of luteinizing hormone-releasing hormone 
(LH-RH) antagonists (24), no analogues were found with 
improved antagonist activity. On the other hand, both the 
gastrin and the present bombesin studies resulted in the 
discovery of more than one antagonist analogue in each case. 
It is tempting to conclude, therefore, that this may be the 
design approach of choice for antagonist discovery. 

Generally, the tendency for loss of potency in a peptide 
agonist series is probably explained by the profound effects 
which elimination of a peptide bond CO group will have on 
conformation due to both loss of a potential intramolecular 
hydrogen-bonding point and increased rotation about the C- 
N bond. In a folded peptide conformation, hydrogen bonding 
is a prime factor stabilizing the structure and in our previously 
reported somatostatin octapeptide series (10), for which much 
physicochemical data existed, replacement of hydrogen bonds 
not involved in this process tended to retain the most activity. 

With [Leu 13 -^-CH 2 NH-Leu H ]bombesin it is entirely pos- 
sible that the 13-14 peptide bond CO group, although clearly 
not necessary for binding, is directly responsible for triggering 
the receptor response. However, this does not account for the 
antagonist activity also produced by 9-10 bond replacement. 
We suggest that another explanation could reside in destabil- 
ization of a folded, extensively hydrogen-bonded conforma- 
tion similar to those present in somatostatin analogues (25), 
LH-RH (26), and several other peptides. Fig. 6 attempts to 
show this. We have placed the beginning of a 0-turn at Val 10 
so that Gly 11 occupies a pivotal position. The reBt of the chain, 
modeled on the known solution conformation of conforms - 
tionally restricted somatostatin octapeptides (25), is arranged 
in the form of an antiparallel /5-pleated sheet. It Bnould be 
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Fig. 6. Possible conformation for the COOH-terminal oc- 
tapeptide region of [Leu"lbombesin with a type II' 0-bend 
involving the Val-Gly-His-Leu tetrapeptide. Carbonyl groups 
(*) which produce antagonists when replaced by CH 3 and putative 
intramolecular hydrogen bonding interactions along the chain are 
shown. 

noted that Gly 11 in bombesin can be replaced by D-Ala with 
complete retention of activity, which prompted Rivier and 
Brown (13) and, more recently, Erne and Schwyzer (27) to 
discuss a similar 0-bencL Also, the 0-bends in somatostatin 
and LH-RH are similarly characterized by residues (Tip and 
Gly in positions 8 and 6, respectively) which can be replaced 
by D-amino acids with, in these cases, actual improvements 
in potency. In the 0-pleated sheet area of the model, hydrogen 
bonding between the Leu ia -Leu l4 -CO group and the Ala 9 - 
Val 10 -NH group assumes some importance and we propose 
that its destruction in the 13-14 analogue could result in a 
conformational shift responsible for loss of biological activity. 
Additionally, the 9-10 NH group would be adjacent to the 
Ala 8 -CO group which, when replaced by CH 3 also results in 
an antagonist. It is thus conceivable that the same hydrogen 
bond could also be inhibited by the 9-10 peptide bond replace- 
ment since bond angles and rotational freedom would all be 
significantly affected. Also noteworthy in relation to this 
model are the loss of activity caused by replacement of the 
Trp 8 -C0 group which, could also be involved in another 
hydrogen bond, and the previously described importance of 
the COOH-terminal amide (13) which would also contribute 
to the same interaction. There is also loss of activity, although 
much leas dramatic, associated with the Val 10 -CO replacement 
which constitutes part of the hydrogen bond integral to the 
0-bend. It should be emphasized that no direct physicochem- 
ical evidence from solution studies exists to support this 
hypothesis and, indeed, a recent infrared spectroscopic study 
of bombesin in phospholipid bilayer membranes (27) points 
to a a-helical structure in this environment However, as Erne 
and Schwyzer (27) point out, the helical structure of the 
membrane-bound peptide could actually facilitate a second 
conformational transition caused by interaction with the 
receptor which could well involve the proposed 0-turn and 
hydrogen bonding points. In any event, the model does provide 
a useful starting point for the design of additional, confor- 
mationally covalently restricted linear and cyclic analogues 
in the future. 

An additional advantage to this type of analogue design 
strategy appears to lie in the absence of multiple side chain 



modifications which are so often needed for development of 
potent antagonists by standard approaches. This can often 
result in the introduction of undesirable properties, such as 
the loss of specificity with the substance P antagonists (7), 
introduction of enhanced histamine releasing activity with 
the LH-RH antagonists (28), and the poor solubility proper- 
ties of the [D-Phe 12 ]bombesins. In contrast, both of the pres- 
ent antagonists exhibited physical properties almost identical 
to bombesin and thus far both appear to be highly specific for 
bombesin receptors. 

It is encouraging that the high antagonist activity of [Leu u - 
^-CH 2 NH-Leu u ]bombesin extended to an assay system ex- 
amining bombesin - stimulated cellular growth where it is 
about 200 times more potent than the substance P inhibitor 
spantide, which is the only other compound reported capable 
of blocking the actions of bombesin in the 3T3 cell system. 
This indicates that there are no significant differences in 
receptor recognition requirements between acinar and 3T3 
cells and suggests that the probability of this antagonist 
inhibiting bombesin -stimulated growth of human small ceil 
lung carcinoma strains should be quite good. The development 
of a bombesin receptor antagonist with useful therapeutic 
properties may require additional synthetic work aimed at 
improving receptor affinity even further and particularly at 
improving in vivo pharmacokinetic properties. The present 
compound offers an excellent lead structure for this type of 
research. 
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CCK-A Receptor Selective Antagonists Derived from the CCK-A Receptor 
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Analogs of the CCK-A receptor selective agonist Boc-Trp-Lys(Tac)-Asp-MePhe-NH 2 (A-71623) 
were prepared in which the lysine residue was replaced with L-4-aminophenylalanine and D- 
or i^3-aminophenylalanine. These new analogs were moderately potent antagonists of CCK-8 
in the isolated guinea pig gallbladder with exceptional CCK-A receptor selectivity as evaluated 
in membrane preparations from CHO Kl cells stably transfected with human CCK-A and 
CCK-B receptors. 



Cholecystokinin (CCK) is a gastrointestinal hormone 
and neurotransmitter first isolated from porcine intes- 
tine. 1 CCK is released from intestinal endocrine cells 
in response to nutrient ingestion. 2 While a variety of 
molecular forms of CCK have been identified, the 
(^terminal octapeptide (CCK-8, H-Asp-Tyr(S03H>Met- 
Gly-Trp-Met-Asp-Phe-NH 2 ) retains full bioactivity, in- 
teracting with two receptor subtypes. CCK-A receptors 
predominate in the periphery (gallbladder, pancreas, 
pyloric sphincter, and vagal afferent fibers) but are also 
found in discrete regions of the brain. 3 CCK-B or 
gastrin receptors predominate in the brain and gastric 
glands. 4 * 5 The physiological role of CCK-8 is to aid 
digestion of nutrients through the induction of gallblad- 
der contraction, pancreatic secretion, and delayed gas- 
tric emptying. 3,5 Exogenous CCK decreases meal size 
in a variety of species including lean 6 and obese 7 
humans. This satiety effect of CCK requires an intact 
vagal afferent nerve and' appears to be mediated by 
peripheral CCK-A receptors. 8 

The high molecular weight, the acid lability of the 
Tyr(SOsH) residue, and the metabolic instability of 
CCK-8 provided the impetus for numerous chemical 
modifications. 9 In 1990, scientists at Abbott reported 
a series of unique CCK analogs derived by replacement 
of the methionine residue of Boc-CCK-4 (Boc-Trp-Met- 
Asp-Phe-NH 2 ) with side-chain-substituted Lys deriva- 
tives. 10 ' 11 Boc-Trp-Lys(Tac)-Asp-MePhe-NH2 (A-71623) 
was functionally equivalent to CCK-8 with remarkable 
CCK-A receptor selectivity (1200-fold), enhanced meta- 
bolic stability, and potent anorectic activity in rats, 12 ' 18 
mice, dogs, and monkeys. 14 

The tetrapeptide Boc-Trp-Lys(Tac)-Asp-Phe-NH 2 was 
approximately 3-fold less potent and less CCK-A recep- 
tor selective than the JV-MePhe derivative. 11 In this 
series, the side-chain-truncated analog Boc-Trp-Orn- 
(Tac)-Asp-Phe-NH 2 had 170-fold reduced CCK-A recep- 



* Abbreviations: 4-Amf, 4-aminophenylalanine; 3-Amf, 3-aminophe- 
nylalanine; Boc, tert-butyloxycarbonyl; Cpac, [(o<hlorophenyl)ainino]- 
carbonyl; DCC, dicydohexylcarbodiiniide; HOBt, JV-hydroxybenzotri- 
azole; Tac, (o-tolylamino)carbonyl; hLys, homolysine; 
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tor affinity, was a weak partial agonist in stimulating 
phophatidylinositide (PI) hydrolysis, and had 380-fold . 
reduced efficacy in stimulating amylase release from 
isolated guinea pig pancreatic acini. 11 In contrast, the 
side-chain-extended analog Boc-Trp-hLys(Tac)-Asp-Phe- 
NH2 had only 24-fold reduced CCK-A receptor affinity, 
was a full agonist in the PI hydrolysis assay, and had 
only 10-fold reduced efficacy in stimulating amylase 
release from isolated guinea pig pancreatic acini. 11 

This dependence of functional activity on the length 
of the methylene bridge between the urea moiety and 
the peptide backbone prompted our investigation of 
additional analogs of Boc-Trp-Lys(Tac)-Asp-MePhe-NH2 
in which the methylene bridge of the lysine residue was 
replaced by an aromatic ring. We now report the 
synthesis and biological activity of analogs of Boc-Trp- 
Lys(Tac)-Asp-MePhe-NH2 in which the lysine residue 
was replaced by L-4-aminophenyldanine (L-4-Amf) and 
L- or r>3-aminophenylalanine (L-3-Amf or D-3-Amf). 
Side-chain-substituted (o-tolylamino)carbonyl (Tac) or 
[(o-cMorophenyl)amino]carbonyl (Cpac) urea derivatives 
of Lys and 4-Amf were prepared. Since we and others 16 
have found that the N-terminal acetyl derivative was 
essentially equipotent to the N-terminal tert-butyloxy- 
carbonyl derivative, all analogs were prepared as N- 
acetyl derivatives. The tetrapeptide Ac-Trp-Phe-Asp- 
MePhe-NH2 was also prepared to evaluate the role of 
the urea substituent in these new analogs. 

Methods 

The urea-substituted amino acids were prepared by 
reaction of the corresponding Af-a-Boc derivatives of 
L-Lys or L-4-Amf with o-tolyl isocyanate or O-chlorophen- 
yl isocyanate in water or aqueous acetonitrile. N-a-Boc- 
D,L-3-aminophenylalanine was prepared by catalytic 
reduction of N-a-Boc-D,L-3-nitrophenylalanine 16 ' 17 and 
converted to the urea derivative in a similar manner. 
Analogs 1-4 and 7 were prepared by automated solid- 
phase peptide synthesis and acetylated prior to cleavage 
and deprotection. 

The peptides containing D- or L-3-Amf were prepared 
' as a mixture of diastereomers and cleaved from the resin 
prior to acetylation. The diastereomeric amino terminal 
peptides were separated by preparative RP-HPLC. A 
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Table 1. Functional Activity of Tetrapeptides Ac-Trp-NH-CHR-CO-Asp-MePhe-NH2 



Notes 



GPGB 



Analog R 


Stereo 


pECso a %mCCK-8 b 


PA 2 C 


Slope* 


1 o O 


L 


8.8 ±0.2 (4) 105% 








L 


9.3 + 0.6(4) 117% 








L 


i.a. e 


7.4 (8.5 - 6.9) 


1.2 (1.6-0.8) 


n n oi 


L 


i.a. e 


7.1 (7.9 - 6.6) 


1.4(1.9-0.9) 


5 o U 


L 


i.a. e 


7.2 (8.4 - 6.6) 


0.9 (1.3-0.6) 




D 


i.a. e 


7.4 (7.7-7.1) 


1.5(1.2-1) 


7 ^0 


L 


La. 6 







a -log of the ECeo ± SD (number of determinations). In the same assay, CCK-8had a pECso of 9.41 ± 0.15 (4). 6 % mCCK-8, percent 
contraction induced by test compound at 30 fM, normalized to the percent contraction induced by 1 fM CCK-8. c pA 2 , -log of the 
concentration required to shift the CCK-8 concentration-response curve 2-fold; 95% confidence limits in parentheses. d Slope of the Schild 
plot; 95% confidence limits in parentheses. e i.a., inactive at 30 fM. 



portion of each amino terminal peptide was treated with 
leucine aminopeptidase (16 h at 37 °C), and the result- 
ant mixtures were monitored by LC-MS. The diaste- 
reomer completely degraded by enzyme treatment was 
assigned L-stereochemistry. The diiastereomer which 
was resistant to enzymatic degradation was assigned 
D-stereochemistry. The remaining samples of the puri- 
fied amino terminal diastereomeric peptides were treated 
with acetic anhydride/pyridine to obtain the AT-acetyl 
derivatives, 5 and 6. 

Analogs 1-7 were purified to homogeneity (>98%) by 
preparative RP-HPLC, and the lyophiles were charac- 
terized by analytical RP-HPLC, ^-NMR spectroscopy, 
and high-resolution fast-atom bombardment (FAB) mass 
spectrometry. Analogs were evaluated for functional 
activity in the isolated guinea pig gallbladder (GPGB, 
Table 1). Receptor binding affinities were measured on 
membrane preparations from CHO Kl cell lines stably 
transfected with cDNA for human CCK-A 18 or CCK-B 19 
receptors (Table 2). 

Results and Discussion 

While the lysine-substituted derivatives 1 and 2 were 
full agonists in the isolated GPGB (Table 1), the Amf 
derivatives 3—6 were moderately potent antagonists of 
CCK-8 in the GPGB, with pAz values ranging from 7.1 
to 7.4. The D-3-Amf analog 6 was slightly more potent 
than the L-3-Amf analog 5. Analog 6 also blocked the 
agonist activity of 1 in the GPGB with a pA 2 of 6.9 (6.5- 
7.7), suggesting that these analogs were interacting with 
the same CCK receptor as CCK-8 in the isolated GPGB 
preparation. The L-Phe analog, 7, was completely 
inactive in the GPGB, confirming that the antagonist 
activity observed with 3-6 was related to the urea side- 
chain substituent. 

The receptor affinities and subtype selectivities of 



Table 2. Receptor Binding Affinities of Tetrapeptides for 
Human CCK-A and CCK-B Receptors 

pICso" 



analog 


CCK-A 


CCK-B 


B/A 6 


1 


7.7 ± 0.4 (3) 


5.3 ± 0.2 (5) 


251 


2 


8.3 ± 0.1 (3) 


6 ±0.05 (3) 


200 


3 


7.5 ± 0.1 (3) 


4.0 ± 0.3 (3) 


3162 


4 


7.0 ± 0.02 (3) 


4.2 ±0.1 (3) 


631 


5 


.7 ±0.1 (5) 


5 ±0.1 (3) 


100 


6 


7.2 ± 0.2 (5) 


4.3 ± 0.2 (3) 


794 


7 


<4(3) 


5.4 ± 0.01 (3) 


<0.04 


CCK-8 


9.4 ± 0.1 (3) 


9.5 ±0.4 (9) 


0.8 


CCK-8NS 


5.7 ± 0.8 (4) 


8.3 ±0.4 (3) 


0.003 


MK-329 


9.6 ± 0.5 (9) 


7 ± 0.2 (3) 


398 


L 365,260 


6.8 ± 0.4 (4) 


8.2 ±0.2 (2) 


0.04 



° -log of the concentration displacing 50% of [^HBolton Hunter 
CCK-8 from membrane preparations isolated from CHO Kl cells 
stably transfected with cDNA of human CCK-A and CCK-B 
receptors. ±SD. Number of determinations are in parentheses. 
b CCK-A receptor selectivity. IC 5 o(CCK-B)/ICbo(CCK-A). 

receptors are reported in Table 2. It should be noted 
that all of the standards reported in Table 2 show 
slightly better CCK-B affinity and receptor selectivity 
on the h uman receptors than has been reported 10 ' 21,22 
for comparisons with membrane preparations from rat 
pancreatic acinar cell (CCK-A) and guinea pig cerebral 
cortical (CCK-B) membranes. 

The rank order of human CCK-A receptor affinities 
for 1-6 paralleled the rank order of potencies (PED50 
or pA2) seen in the isolated GPGB. Lys derivatives 1 
and 2 were 200-fold CCK-A receptor selective, with the 
Cpac derivative 2 having slightly higher CCK-A receptor 
affinity than the Tac derivative 1. The L-4-Amf deriva- 
tives 3 and 4 were even more CCK-A receptor selective 
(3100- and 630-fold, respectively), with the Tac deriva- 
tive 3 having slightly higher CCK-A receptor affinity 
than the Cpac derivative 4. The D-3-Amf analog 6 had 
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receptor selectivity than the corresponding L-3-Amf 
analog 5. Despite being equipotent to 3 in the GPGB 
assay, the D-3-Amf analog 6 had lower CCK-A receptor 
affinity and selectivity than the L-4-Amf analog 3. The 
control tetrapeptide 7 had weak affinity for the human 
CCK-B receptor but did not bind the human CCK-A 
receptor (up to 10 ptM), demonstrating the critical role 
of the urea substituent for CCK-A receptor recognition. 

The ability of analogs 1 or 6 to influence intracellular 
calcium was evaluated with the stably transfected CHO 
Kl cells loaded with FURA2-AM (n = 1). Lysine 
derivative 1 was a full agonist on both the hCCK-A 
(EDso = 4.2 nM) and hCCK-B (ED50 = 530 nM) receptor- 
containing cell lines, while the D-3-Amf analog 6 was 
inactive as an agonist. However, as predicted from the 
human receptor binding affinities, a single 1 fM. con- 
centration of analog 6 blocked the agonist activity of 1 
in the human CCK-A receptor-containing cell line (15.6- 
fold shift; p#B — 7.2) but not in the human CCK-B 
receptor-containing cell line. 

In summary, analogs of Boc-Trp-Lys(Tac)-Asp-Me- 
Phe-NH2 were prepared in which the methylene bridge 
between the urea substituent and the peptide backbone 
was replaced with a four-carbon (L-4-Amf) or three- 
carbon (l- and D-3-Amf) aromatic linker. To our sur- 
prise, these modifications produced moderately potent 
antagonists, with CCK-A receptor selectivity equal to 
or better than the lysine-substituted derivatives. In 
addition to altering tie bridge length between the urea 
substituent and the peptide backbone, substitution of 
an aromatic ring would be expected to increase the steric 
bulk and hydrophobicity and decrease the conforma- 
tional mobility of the urea-substituted amino acid. 
Moreover, substitution of an aniline for an alkylamine 
could alter the electronics and preferred conformation 
of the urea. The few compounds reported here do not 
provide a sufficient database to define which, if any, of 
these steric and/or electronic factors contribute to this 
remarkable conversion of functional activity. 

Experimental Section 

All chemicals and solvents were reagent grade unless 
otherwise specified. CCK-8 and nonsulfated CCK-8 (CCK- 
8NS) were purchased from Sigma (St. Louis, MO). MK-329 20 
and L 365,260 21 were obtained from Merck & Co. (Rathway, 
NJ). 

The : H-NMR spectra were recorded on either a Varian VXR- 
300 or a Varian Unity-300 instrument. Chemical shifts are 
expressed in parts per mill on (ppm, 6 units). Coupling 
constants are in units of hertz (Hz). Splitting patterns are 
designated as s, singlet; d, doublet; q, quartet; m, multiplet; 
br, broad. Low-resolution mass spectra (MS) were recorded 
on a JOEL JMS-AX505HA, JOEL SX-102, or SCIEX-APm 
spectrometer. All mass spectra were taken in the positive ion 
mode under electrospray ionization (ESI) or fast-atom bom- 
bardment (FAB) methods. Reactions were monitored by thin- 
layer chromatography on 0.25 pan silica gel plates (E. Merck, 
60F-254), visualized with UV light, 7% ethanolic phosphomo- 
lybdic acid, or p-anisaldehyde solution. 

iVKi-Bo<>L-lysine[(A^ £ -^tolylamino)carbonyl]. o-Tolyl iso- 
cyanate (6.7 g, 50 mmol) was added to a solution of JV-a-Boc- 
L-lysine (12.3 g, 50 mmol) dissolved in 1 N aqeuous sodium 
hydroxide (50 mmol). The reaction mixture was stirred at 
room temperature for 3 h, acidified with 1 N aqueous HC1, 
and extracted into ethyl acetate (6 x 50 mL). The combined 
organic extracts were washed with brine (1 x 30 mL), dried 
(MgS0 4 ) t and concentrated in vacuo to give the crude urea (18 
g, 94%) which was used without further purification: 1 H-NMR 
'300 MHz, DMSO-de) <5 1.36 (is, 13H), 3.83 (m, 1H), 2.15 (s, 



3H), 3.05 (d, J - 5.13 Hz, 2H), 6.51 (t, J = 4.88 Hz, 1H), 6.83 
(t, J = 7.33 Hz, 1H), 7.08 (m, 3H), 7.58 (s, 1H), 7.81 (d, 1H); 
MS (FAB) m/z 380 (MH + ); TLC (9:1 CHClgiCHaOH)^ 0.06. 
Anal. (CisHsaNsOe), C, H, N. 

AT-a-Boc-L-lysine[[N'-(o-chlorophenyl)amino]carbon- 
yl]. ViaN-a-Boc-L-lysine (5.0 g, 20.5 mmol) and o-chlorophen- 
yl isocyanate (3.69 g f 24 mmol), the title compound (4.41 g, 
54%) was prepared as previously described: X H-NMR (300 
MHz, CDCU) d 1.4 (s, 9H), 1.55 (m, 2H), 1.75 (m, 2H), 1.85 
(m, 2H), 3.2 (br s, 2H), 4.23 (m, 1H), 5.3 (br d, 1H), 6.83 (br t, 
1H), 7.1-7.3 (m, 3H), 8.05 (d, 1H); MS (FAB) m/z 400 (MH + ); 
TLC (9:1 CHCl3:CH30H)i2/= 0.08. Anal. (Ci8H 26 N 3 0 5 Cl) C, 
H, N. 

JV-a-Boc-4-L-aminophenylalanine[(iV 0 -o-tolylamino)- 
carbonyl]. Via iV-a-Boc-4-Lraminophenylalanine (5.6 g, 20 
mmol) and o-tolyl isocyanate (3.2 g, 24 mmol), the title 
compound (4.1 g, 49%) was prepared as previously described 
and used without further purification: *H-NMR (300 MHz, 
CD3OD) 6 1.4 (s, 9H), 2.25 (s, 3H), 2.88 (dd, 1H); 3.1 (dd, 1H), 
4.3 (dd, 1H), 7.03 (m, 1H), 7.18 (m, 4H), 7.38 (d, 2H), 7.63 (d, 
1H); MS (FAB) m/z 414 (MH + ); TLC (9:1 CHCl^CHaOH) R f 
= 0.52. Anal. (C22H27N3O6) C, H, N. 

iV-a-Boc^L-aminophenylalanine [ [JV^- (o-chloropheny- 
1) amino] carbonyl]. Via W-a-Boc-4-i^aminophenylalanine 
(5.6 g, 20 mmol) and o-chlorophenyl isocyanate (3.69 g, 24 
mmol), the title compound (6.2 g, 72%) was prepared as 
previously described and used without further purification: 
X H-NMR (300 MHz, CD 3 OD) 6 1.4 (s, 9H), 2.88 (dd, 1H), 3.13 
(dd, 1H), 4.33 (dd, 1H), 6.95-7.45 (m, 7H), 8.1 (dd, 1H); MS 
(FAB) m/z 434 (MH+); TLC (9:1 CHC^CHsOH) R f = 0.8. 
Anal. (C21H24N3O6CI) C, H, N. 

iV-a-Boc-3-DA^aminophenylalanine. N-a-Boc-3-D/L-nitro- 
phenylalanine 16 * 17 (8.9 g, 18 mmol) and 10% Pd/C (0.8 g) in 
methanol (100 mL) were shaken under hydrogen (45 psi) 
overnight. The mixture was filtered through Celite, and the 
filtrate was evaporated in vacuo to give the title compound 
(8.7 g, 18 mmol) which was used without further purification: 
l H-NMR (300 MHz, CD3OD) 6 1.4 (s, 9H), 2.83 (dd, 1H), 3.05 
(dd, 1H), 4.33 (dd, 1H), 6.65 (m, 3H), 7.05 (m, 1H); MS (FAB) 
m/z 281 (MH + ); TLC (9:1 CHCl^CHsOH) R f = 0.14. Anal. 
(C14H20N2O4) C, H, N. 

A^-a-Boc-3-D/iraniinophenylalanine[W^-tolylamino)- 
carbonyl]. Via A^-a-Boc-3-D/L-aTninophenylalnnine (4.7 g, 16,7 
mmol) and o-tolyl isocyanate (2.7 g, 20 mmol), the title 
compound (5.1 g, 74%) was prepared as previously described 
and used without further purification: 2 H-NMR (300 MHz, 
CD3OD) d 1.4 (s, 9H), 2.3 (s, 3H), 2.9 (dd, 1H), 3.15 (dd, 1H), 
4.23 (m, 1H), 6.85-7.25 (m, 6H), 7.43 (d, 1H), 7.63 (d, 1H); 
MS (FAB) m/z 414 (MH + ); TLC (9:1 CHCl3:CH 3 OH)fl,= 0.54. 
Anal. (C22H27N3O5) C, H, N. 

Peptide Synthesis. Analogs were prepared by automated 
solid-phase peptide synthesis (ABI 430) on p-methylbenzhy- 
drylamine resin 22 (Peptides International, Louisville, KY). N-a- 
tert-Butyloxycarbonyl (Boc) amino acid derivatives were pur- 
chased from Bachem Biosciences (Philadelphia, PA) or Applied 
Biosystems Inc. (Foster City, CA). DCC/HOBt single coupling 
protocols were utilized for the N-a-Boc-MePhe-OH, N-a-Boc- 
Lys(N'-Tac)-OH, N-a-Boc.Lys(N*-Cpac)-OH, N-a-Boc-4-Amf- 
(N*-Tac>OH, N-a-Boc-4-Amf(N*-Cpac)-OH, N-a-Boc-D/L-3-Amf- 
(N*-Tac)-OH, and N-a-Boc-Trp-OH. DCC/HOBt double coupling 
protocols were utilized for N-a-Boc-Asp(benzyl). Peptides were 
cleaved from the resin, and all protecting groups were removed 
by treatment at 0 °C for 1 h with anhydrous liquid HF (10 
mL/g of resin) containing dithioethane (1 mUg of resin) and 
anisole (1 mL/g of resin). The HF was removed in vacuo, and 
the resin was washed with cold diethyl ether and filtered. 
Peptides were extracted from the resin with aqueous acetic 
acid (30%). The crude peptides obtained by lyophilization were 
purified to homogeneity by preparative reversed-phase high- 
pressure liquid chromatography (RP-HPLC) using a Waters 
Model 3000 Delta Prep column equipped with a Delta-pak 
radial compression cartridge (G18, 300 A, 15 /an, 47 mm x 
300 mm) as the stationary phase. The mobile phase employed 
0.1% aqueous TFA with acetonitrile (Burdick and Jackson) as 
the organic modifier. Linear gradients were used in all cases, 
and the flow rate was 100 mL/min (*o - 5 min). Appropriate 
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Table 3. Physical Data for Analogs 1-7 







HRMS° 








aimiug 


omnirirJil fflTronlfl 


calculated 


found 


min (% CH3CN/3O min) 6 


purity 




P., H BA Nflnn 

0411150^8^8 


783 3830 


783.3833 


19.4 (30-48%) 


98.7 


2 


C40H47N8OBCL 


803.3284 


803.3297 


15.4(33-51%) . 


98.1 


3 


C44H48N808 


817.3673 


817.3663 


18.1(33-51%) 


98.2 


4 


C43H46N808C1 


837.3127 


837.3136 


21.6 (33-51%) 


98.5 


5 


C44H48N808 


817.3673 


817.3679 


16(36-54%) 


99.3 


6 


C44H48N808 


817.3673 


817.3687 


15.8(36-54%) 


99.0 


7 


C 3 6H4iN 6 07 


669.3037 


669.3039 


21.6 (24-42%) 


98.4 



a MH + , obtained in positive ion mode, utilizing FAB ionization on an AMD 604 double focusing magnetic sector mass spectrometer. 
6 Analytical retention time on a Vydac C18 column (5 /an, 4.6 mm x 200 mm), utilizing a linear gradient of acetonitrile and a flow rate 
of 1.5 mUmin. c Purity assessed by integration at X = 214 nm. 



fractions were combined and lyophilized to obtain the target 
peptide analogs. Analytical purity was assessed by RP-HPLC 
using a Waters 600E system equipped with a Waters 990 diode 
array spectrometer (A range 200-400 nm). The stationary 
phase was a Vydac C18 column (5 fim t 4.6 mm x 200 mm). 
The mobile phases were the same as above, linear gradients 
were again utilized, and the" flow rate was 1.5 mL/min (to = 
2.8 min). Analytical data (Table 3) is reported as retention 
time, <r, in minutes (% acetonitrile over time). High-resolution 
mass spectra (Analytical Instrument Group, Raleigh, NC) were 
recorded in the positive ion mode on a AMD-604 (AMD Intectra 
GmbH) high-resolution double focusing mass spectrometer 
under FAB conditions (Table 3). 

H-TiT^-D^AmflCA^tolylan^ 
NH&. This compound was prepared as a mixture of diaster- 
eomers containing D,i^3-AnnTTac) and cleaved from the resin 
prior to N-terminal acetylation. Separation by preparative RP- 
HPLC afforded the individual diastereomeric analogs in 
greater than 98% purity. H-Tn^i^S-AmflW^-tolylamino)- 
carbonyl]-Asp-MePhe-NH 2 : Ca^U^sOi; MS (FAB) mlz 775 
(MH + ); Ir = 20.3 min (27-45%/30 min); H-Trp-D-3-Amf[(N f - 
o-tolylarnino)carbonyl]-Asp-MePhe-NH2: Oa^U&^%Oi\ MS (FAB) 
mlz 775 (MH + ); f R = 22.3 min (27-45%/30 min). The 
individual diastereomeric peptides were converted to the 
iV-acetyl derivatives 5 and 6 by treatment with acetic anhy- 
dride (0.01 mL) and pyridine (0.02 mL) in DMF (3 mL) at 
ambient temperature for 30 min. The reaction mixture was 
diluted with aqueous TFA (10%, 50 mL) and lyophilized to a 
solid. Purification by RP-HPLC afforded the N-acetyl deriva- 
tives in >99% purity. 

Assignment of Stereochemistry. Each diastereomeric 
peptide were incubated at 37 °C for 16 h with leucine 
aminopeptidase (Sigma; 1:50) in 100 piL of 50 mM NH4HCO3 
(pH 8.5) solution. The hydrolysis reactions were terminated 
by the addition of TFA (1 pL), and the reaction mixtures were 
reduced almost to dryness by lyophilization and then recon- 
stituted with 0.05% aqueous TFA (100 pih) to a final concen- 
tration of 10 /*M. About 100 pmol of peptide hydrolysate was 
used for each LC/MS experiment. Samples were analyzed on 
a Vydac C18 column (5 /im, 320 pirn x 30 cm) conditioned to a 
flow rate of 7 fih/xnm. The mobile, phase was 0.1% aqueous 
TFA (10% B to 60% B) with acetonitrile as the organic 
modifier. Masses were detected with a Sciex APMII triple 
quadrupole electrospray mass spectrometer. The collision gas 
used for MS/MS was Ar with 10% N 2 . Digested peptides were 
analyzed from m fz 300 to 1000 using repetitive scans at a rate 
of 3.5 s/scan. 

Guinea Pig Gallbladder Tissue Preparation. Gallblad- 
ders were removed from male Hartley guinea pig sacrificed 
with CO2 atmosphere. The isolated gallbladders were cleaned 
of adherent connective tissue and cut into two rings from each 
animal (2-4 mm in length). The rings were suspended in 
organ chambers containing a physiological salt solution (118.4 
mM NaCl, 4.7 mM KC1, 1.2 mM MgS0 4 , 2.5 mM CaCl 2 , 1.2 
mM KH2PO3, 25 mM NaHC0 3) 11.1 mM dextrose). The 
bathing solution was maintained at 37 °C and aerated with 
95% 02/5% CO2 to maintain pH 7.4. Tissues were connected 
via gold chains and stainless steel mounting wires to isometric 
force displacement transducers (Grass, Model FT03 D). Re- 
sponses were then recorded on a polygraph (Grass, Model 7E). 
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and did not receive test compound. Rings were gradually 
stretched (over a 120 min/period) to a basal resting tension of 
1 g which was maintained throughout the experiment. During 
the basal tension adjustment period, the rings were exposed 
to acetylcholine (10~ 6 M) four times to verify tissue contractil- 
ity. The tissues were then exposed- to a submaximal dose of 
sulfated CCK-8 (Sigma; 3 x 10" 9 M). After obtaining a stable 
response, the tissues were washed out three times rapidly and 
every 5—10 min for 1 h to reestablish a stable base line. 

Agonist ED m's. Compounds were dissolved in dimethyl 
sulfoxide (DMSO) and then diluted with water and assayed 
via a cumulative concentration— response curve to test com- 
pound (10 _11 -3 x 10" 6 M) followed by a concentration- 
response curve to sulfated CCK-8 (10- 10 -10- 6 M) in the 
presence of the highest concentration of the test compound. 
As a final test, acetylcholine (1 mM) was added to induce 
maximal contraction. A minimum of three determinations of 
activity was made for each test compound. 

Antagonist pAa's* Gallbladder tissues from at least three 
different animala were incubated for 60 min with a given 
concentration (three to five concentration per analog) of the 
antagonist followed by a cumulative concentration-response 
curve with CCK-8 or compound 1. One paired tissue from each 
Animal did not receive the antagonist and served as the time/ 
solvent control used to calculate the concentration ratio for 
the rightward shift in the CCK-8 concentration response. pA^s 
were determined by Schild analysis for a given number of 
observations. 23 Upper and lower 95% confidence limits and 
slopes of the Schild plot are given for each pA2. 

Establishment of Stable CCE Receptor-Bearing Cell 
Lines. The cDNA clones for the human CCK-A 18 or CCK-B 19 
receptors were ligated into cDNAl-Neo vector from Invitrogen 
Corp. (San Diego, CA) for direct transfection. DNA was 
prepared by the alkaline lysis method and transfected into 
CHO Kl cells (ATCC, Rockville, MD) using the Iipofectin 
reagent 24 (Gibco BRL, Gaithersberg, MD), Stable transfec- 
tants were initially selected by. the use of Geneticin (Gibco 
BRL), and receptor-bearing resistant cells were enriched by 
fluorescence-activated cell sorting based on binding of Fluo- 
rescein-Gly-[Nle28,31]-CCK-8.. Clonal lines were subsequently 
established by the limiting dilution method. 

Cell Membrane Preparation, CHO Kl cells stably 
transfected with human CCK-A or CCK-B receptor cDNA were 
grown at 37 °C under a humidified atmosphere (95% Os/5% 
CO2) in Ham's F12 medium supplemented with 5% heat- 
inactivated fetal bovine serum. The cells were passaged twice 
weekly and grown to a density of 2—4 million cells/mL. The 
cells were collected by centrifugation (600g, 15 min, 4 °C) and 
resuspended in buffer (20 mL, pH 7.4) containing Tris-HCl (25 
mM), EDTA (5 mM), EGTA (5 mM), phenylsulfonyl fluoride 
(0.1 mM), and soybean trypsin inhibitor (100 ^g/mL). Cells 
were disrupted with a motorized glass teflon homogenizer (25 
strokes), and the homogenate was centrifuged at low speed 
(600g, 10 min, 4 °C). The supernatant was collected and 
centrifuged at high speed (500000g, 15 min 4 °C) to pellet the 
particulate fraction. The low-speed pellet was processed three 
additional times. High-speed particulate fractions were com- 
bined and resuspended in buffer (1—5 mg of protein/mL) and 
frozen at —80 °C. Protein concentration was determined 
according to manufacturer's directions using BioRad reagent 
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Receptor Binding Assays. [^HBolton Hunter CCK-8 
(Amersham; 2000 Ci/mmol) was dissolved in binding buffer 
(pH 7.4, 100 000 cpm/25 fih) containing HEPES (20 mM), NaCl 
(118 mM), KC1 (5 mM), MgCl 2 (5 mM), and EGTA (1 mM) ; 
Nonspecific binding was determined with MK-329 20 (10 fxWl, 
CCK-A) or L ZGbZSGP (10 jM, CCK-B). Test compounds were 
dissolved in DMSO at a stock concentration of 100 times the 
final assay concentration and diluted to appropriate concen- 
trations with binding buffer. Binding assays were performed 
in triplicate using 9 6- well plates to which the following were 
added sequentially: test compound (25 fiL\ [ m I]Bolton Hunter 
CCK-8 (25 fiiL), buffer (pH 7.4, 150 /<L), and receptor prepara- 
tion (50 fih). The final concentration of DMSO was 1% in all 
assay wells. After 3 h at 30 °C, the incubation was terminated 
by rapid filtration of the mixture onto glass niters (Whatman 
GF/B) with subsequent washing to remove unbound ligand. 
Bound radioactivity was quantified by y counting. 

Intracellular Calcium Measurements. Cells grown on 
glass coverslips to 75-90% confiuency were loaded for 50 min 
in serum-free culture medium containing 5 /M FURA2-AM 
and 2.5 mM probenecid. A JASCO CAF-102 calcium analyzer 
was used to measure changes in intracellular calcium concen- 
tration by standard ratiometric techniques using excitation 
wavelengths of 340 and 380 nm. Cells were perfused with 
increasing concentrations of compound 1 (n = 1) until a plateau 
in the 340/380 ratio was achieved. A washout/recovery period 
of at least 10 min was allowed between successive stimula- 
tions. Following collections of control agonist responses, cells 
were perfused for 60 min with analog 6 (1 /*M, n — 1) and a 
second set of responses to compound 1 was collected. The 
single concentration Kb was calculated according to the 
formula, 

_ [test compound] 



where CR is the fold-shift of the concentration response curve 
to 1 in the presence of the antagonist, 6. 
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Abstract: Replacement of the C-terminal dipeptide amide of Boc-CCK-4 (1) with oxopiperazines yields a 
series of weak CCK-receptor Iigands. Further modifications result in more potent and receptor subtype 
selective compounds. 



The rational design of novel Iigands for the cholecystokinin (CCK) and gastrin receptors, based upon the 
C-terminal tetrapeptide fragment common to the two hormones, has received substantial attention in recent 
years. Boc-CCK-4 (1) has high (nM) affinity for CCK-B/gastrin receptors but weaker (nM) affinity for 
CCK- A receptors. 1 Simple derivatives of this potent gastrin/CCK-B agonist, such as the phenethylamide 2 2 
and the aminomethylene pseudopeptide 3 3 , are moderately active gastrin antagonists. Replacement of the 
methionine residue of Boc-CCK-4 with lysine derivatives has, on the other hand, resulted in a series of potent 
and selective CCK-A agonists exemplified by A-71623 (4). 1 * 4 > 5 Several studies have indicated that gastrin 
and CCK peptides adopt a turn conformation at the C-terminus, 6 * 8 which brings the aromatic side chains of 
tryptophan and phenylalanine into close proximity. The best evidence that the bioactive conformation is non- 
extended comes from the work of Horwell et al., 9 who have shown that modest CCK-B receptor binding 
affinity was retained by the dipeptide Boc-Trp-Phe-NH 2 . This lead compound has subsequently been 
developed to yield the potent CCK-B receptor antagonist CI-988 (5). 10 > 11 



Boc-Trp-Met-Asp-Phe-NH 2 



Boc-Tip-NH 




CO^ 
H 

CO-Phe-NH 2 



2-Adoc-NH CONH 



NHCO> 



Boc-Trp-Leu-Asp-NH-^CH^jPh 
Boc-Trp-NH^CO-Asp-tNCH^Phe-NHj 

H £ ^ 

~ CH 3 



Boc-Trp-Leu-N'^ s f> v0 "^Ph 
COjH 0 



s COjH 
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As part of our programme aimed at the development of non-peptidic gastrin and CCK antagonists we have 
introduced a series of conformational restrictions to the peptide backbone of Boc-CCK-4 analogues, with the 
expectation that one or more of these constrained compounds might mimic the bioactive conformation. It was 
found that compound 6, obtained by replacement of the C-terminal dipeptide with an oxopiperazine moiety, 12 
retained weak affinity for the CCK-B receptor and had rather stronger affinity for the CCK-A receptor. Herein 
we describe the manipulation of this lead to yield compounds of varying selectivity and potency for CCK-A and 
CCK-B receptors. The synthesis of compounds of this type was straightforward and utilised standard 
procedures. The synthesis of 6 (Scheme 1) is a typical example. 

Scheme 1 

.Ph ^Ph 

JL H — !— ► JU 

Boc-NH COjCHj Boc-NH CHO 



, O H k 

COjCHjPh COjCHjPh 



d, e, £ g 



Boc-Tip-Leu-N''^ >0 " Vv Ph 



0 
COjH 

Reagents: (a) DIBAL, PhCH 3> 80% (b) NaCNBH 3 , MeOH, AcOH, H-Asp(OBzl)OMe, 77% 
(c) 4M HC1, Dioxan then base work-up, 90% (d) BOP-C1, Boc-Leu-OH, 65% 
(e) 4M HC1, Dioxan, 100% (f) Boc-Trp-OH, HOBt, WSCI, 82% (g) Hj, Pd/C, 90%. 

A brief investigation of structure-activity relationships at the C-terminal oxopiperazine moiety of 6 revealed 
compounds with improved potency for both CCK-A and CCK-B receptors (Table I). Stereochemical inversion 
of the carboxymethyl side-chain of 6 yields an 8-fold increase in CCK-B receptor affinity (compound 7), 
whereas the removal of this side-chain (12) results in a compound with improved CCK-A binding affinity. 
Inversion of the remaining side-chain gave 13, the most potent CCK-A ligand in this series and one which 
displays excellent selectivity for the CCK-A over the CCK-B receptor. 
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Table I Effect on CCK Receptor Binding Affinities of Substitution 
and Stereochemistry of Oxopiperazine 



Boc-Trp-Leu-N 
R 

stereochemistry 



NH 
0 



IC 50 QiMjF 



Compound 


Ri 


R2 


0 


4 




CCK-A 


CCK-B 


A/B ratio 


6 




/"ITT TfcL. 

CHjPn 


s 


S 


0.84 


(0.824 - 0.853) 


61 (49.6 - 72.4) 


0.014 


7 


CI^COjH 


CHjPh 


R 


S 


2.8 


(2.65 - 3.03) 


7.4 (6.56-8.39) 


0.38 


8 


CI^COjH 


CHjPh 


S 


R 


3.6 


(3.51-3.61) 


17 (13.2-21.5) 


0.21 


9 


CHjCOjH 


CHjPh 


R 


R 


6.3 


(5.36 - 7.22) 


70 (53.4-86.9) 


0.09 


10 


CHjC0 2 H 


Ph 


S 


S 


9.4 


(9.02 - 9.86) 


9.4 (7.51 - 11.3) 


1.0 


11 


CHjCOjH 


(CHj)jPh 


S 


s 


0.63 


(0.425 - 0.833) 


8.2 (7.35-9.10) 


0.077 


12 


H 


CHjPh 




s 


0.27 


(0.262 - 0.269) 


37 (31.7-42.5) 


0.0073 


13 


H 


CHjPh 




R 


0.046 (0.0445 - 0.0480) 


39 (36.2-42.7) 


0.0012 



Note a: IC50 represents the concentration producing half-maximal inhibition of specific 
binding of [l25q CCK-8 to CCK receptors on mouse pancreatic membranes (CCK-A) 
and mouse forebrain membranes (CCK-B). Figures given are the mean and range of 
two determinations. Binding assays were carried out according to published 
-methods. 13 



Modification of the N-terminal dipeptide portion of 6 yields compounds with improved potency and selectivity 
for the CCK-B receptor (Table U), In particular, removing the steric bulk of the N-terminal blocking group 
(14, IS) reverses receptor selectivity. Optimisation of the length of the indole linker and replacement of the 
leucine residue with the aminohexahoic acid residue yields compound 17 which has micromolar affinity and 
displays moderate selectivity for the CCK-B receptor. The receptor binding affinities of the literature 2 
antagonist 2 are included for comparison. 
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IabJe_H: Effect on CCK Receptor Binding Affinities of N-terminal Dipeptide Modification 



COjH ° 

IC 50 (nM)a 

Compound X Y CCK-A CCK-B A/B ratio 

6 Boc-Trp Leu 0.84(0.824 - 0.853) 61 (49.6 - 72.4) 0.014 

14 H-Trp Leu 51 (51.1 -51.7) 15 (7.05 -.22.9) 3.4. 

^ /ch^co 

15 12r~]J ^ 56 C 53 - 4 ' 58 - 9 ) 8.9(7.96-9.85) 6.3 

H 



16 



^J~j) Leu 13 (12.9- 13.9) 2.5 (1.79-3.27) 5.2 



N 
H 



17 lUTiJ ^ 7 2 ( 6 - 76 - 7 - 69 ) 1.2 (1.19 - 1.28) 6.0 

H 

CO 

18 Cr~3 ^ 1-^0-17-1.64) >100 

H 



3.5 0.35 10 



Variation of the N-terminus of the monosubstituted series (Table HI) reveals that, in contrast to CCK-B 
binding, CCK-A receptor affinity increases with the size of the N-terminal blocking group. Thus 
benzyloxycarbonyl (20) is more potent than terf-butyloxycarbonyl (12), which is in turn more potent than 
ethoxycarbonyl (21). Interestingly, replacement of the tryptophan residue of 12 with phenylglycine (23) 
reverses receptor selectivity. Combination of the benzyloxycarbonyl with the R-oxopiperazine yields the most 
potent and selective CCK-A ligand in this series (24). 
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Table m : Modification of the N-terminus of Monosubstituted Oxopiperazines 




IC 50 OiM) a 



Compound 


R 


Stereochemistry CCK-A 
at. 


CCK-B 


A/B ratio 


12 


Boc-Trp 


s 


0.27 (0.262-0.269) 


37(31.7-42.5) 


0.0073 


19 


Boc-DTrp 


S 


5.5 (5.35 - 5.56) 


>100 




20 


PhCI^OCO-Trp 


S 


0.064 (0.0594 - 0.0687) 


18(16.8 - 18.8) 


0.0036 


21 


CH 3 CH20CO-Trp 


S 


0.43 (0.415 - 0.450) 


38 (20.2 - 56.0) 


0.011 


22 


PhCH=CHCO-Trp 


s 


0.52 (0.443 - 0.597) 


>100 




23 


Boc-Phg 


s 


24 (22.7 - 25.3) 


10 (9.37 - 10.6) 


. 2.4 


13 


Boc-Trp 


R 


0.046 (0.0445 - 0.0480) 


39 (36.2 - 42.7) 


0.0012 


24 


PhCH^OCO-Trp 


R 


0.014(0.0131-0.0146) 


15(14.9-15.1) 


0.0009 



In summary, we have shown that rational manipulation of Boc-CCK-4 can lead to both CCK-A and CCK-B 
selective ligands with reduced peptide character. 

The more potent and selective of these ligands are currently being utilised as the leads for the development of 
highly potent non-peptidic CCK-A and CCK-B receptor antagonists. This work will be reported in due course. 
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Introduction 

It is well known that some of enteric bacteria produce a heat-stable enterotoxin (ST) which 
causes acute diarrheal symptom [1]. This physiological response is followed by the binding of 
ST to its receptor protein on the intestinal epithelial cells. STs characterized so far share a highly 
conserved sequence which consists of thirteen amino acid residues with three intramolecular 
disulfide linkages. The tridecapeptide has a comparable toxicity to the native toxin and forms 
"toxic domain" of ST [2, 3], in which -Asn-Pro-Ala- located in the central region is com- 
pletely conserved in ST family members (Fig. 1). 

The molecular structure of [Mpr^STp^-l?) corresponding to a toxic domain of STp, which 
is produced by a pathogenic strain of Eschrichia coli, was determined by x-ray analysis [6]. The 
results suggested that three amino acid residues, Asn 11 , Pro 12 , and Ala 13 , are involved in the 
receptor binding [6, 7]. Furthermore, we demonstrated that the substitution for Ala 13 by Leu or 

Toxic domain 



STb Airo-Ser-SCT-Asn-Tyr|Cys-Cys-Glu-L^u-Cy^ 



STp Asn-Thr-Phe-TyrjCys-Cys-Glu-Uu-Qs^^ 

i 1 

j ( | 1 ! -J t 

(Mpr s ]ST P (5-17) IMpr-Cys-Glu-I^u-Cys-^s-Ayn-f^-^/fl-Cys-Ala-Gly-Cyst 



Mpr: 3-mercaptopropionic acid 

Fig. 1. Primary Structures of ST and ST Analog; STh in ref. 4 and STp in ref. 5. 
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Gly greyly decreased the enteroloxicity and binding ability though the molecular structures of 

specific receptor for ST sharply recognizes the bulkiness of the side-chain at position 13 

ro elucidate the mechanism of molecular recognition of ST by its receptor protein we ex- 
amined the effect of substitutions for Pro" by aliphatic amino aci* with diLe„7sh L „„ The 
receptor binding abUitjes and the molecular struoure of one of these analogs by x-ray cC - 
lography. Here, we report the structure-function relationship of ST and discuss the sterictt- 

Results and Discussion 

^jH" f^JT Analogs : For estimating the contributions of methylenes of the Pro' 2 side- 
ru ^i ?i^2io CCe|> ' 0r buld ' n S> four ST analogs, [Mp^JSTpfS-nj/lMpr 5 Val ,! lSTof5 17^ 

X-ray Analysis _: In the analogs substituted for Pro", [MprWlSTprt-n) save a suitable 

Ti, °e r d To'^vr" msk by macro ma ^ ?he 
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tion of th7,M r ™ ns ' ^ reaied struau "= h» d >» ™ugh quality to discuss the conforma- 

22 '"P" 3 ST P(5-^- THe main-chain and side-chain'oLr- 

K^SSl'JS^^V" observation ta the substi,u - 
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Table 1 1. Biological Properties of ST Analogs 



Analogs 


Receptor Binding Ability 


Enterotoxicity 






Ki (M) a 




RA b 


MED(pmol) c 


RE d 


[Mpr^STp^-n) 


(3.4 


+ 0.3) x 


10 -8 


1.0 


1.0 


1.0 


[Mp^Ile^STp^-H) 


(3.7 


± 0.3) x 


10 -8 


0.92 


LI 


0.91 


[Mpr^VaPjSTp^-n) 


(5.7 


± 0.3) x 


10 -8 


0.60 


2.0 


0.50 


[Mp^Ala^STp^-n) 


(1.1 


± 0.3) x 


io- 7 


0.31 


4.1 


0.24 


[Mpr 5 ,Gly 12 ]STp(5-17) 
a t/-i j 


(1.8 


± 0.3) x 


10" 6 


0^019 


33 


0.030 



tiui i>o ouuiMiu ubvianuu uuimatea nam equi- 
librium binding data (n = 3) by the computer program "LIGAND". b RA: Relative binding 
affinity. c MED: Minimum effective dose. d RE: Relative enterotoxicity 

Receptor Binding Assay : Five ST analogs were assayed for their enterotoxicities in suckling 
mice and for their binding abilities to rat intestinal membrane. All analogs bound to the receptor 
in a dose-dependent fashion and displaced [^I-Ty^S^-lS) completely. The inhibition 
constant (Ki) values of these analogs were calculated using a nonlinear least-squares curve 
fitting method [10] (Table 1). The difference in enterotoxicities among five ST analogs reflected 
the difference in their binding abilities, which decreased as the loss of the methylenes of the 
side-chain at position 12. From the evidence that substitution of Pro 12 had little effect on the 
molecularstructure of ST, it is considered that the difference in the binding ability is only attrib- 
uted to the difference in the shape of the aliphatic side-chain at position 12. 
Structure-Function Relationship : [MprMle 12 ]STp(5-17) showed the same Ki value as 
[Mpr^STp^-lT) within its experimental error. This indicates that the effects of opening the 
pyrrolidine ring and of adding the branched v-methyl group on the receptor binding ability 
canceled each other. Therefore, the apparent contribution of p-, r , and 5-methylenes of the 
Pro side-chain to the receptor binding could be estimated by comparing the binding abilities 
of [Mpr 5 ,Gly 12 ]STp(5-17), [Mpr^Ala^JSTpCS-n), [Mpr^Val^STp^-n), and 
[Mpr^STp^-n). The contribution of the whole side-chain of Pro 12 to the apparent binding 
energy of ST and its receptor protein was estimated to be approximately 2.4 kcal mol" 1 calcu- 
lated from the Ki values of [Mpr^STp^-n) and [MprW^STp^-n) [11]. Similarly, those 
of p-, y-, and 6-methylenes were estimated to be approximately 1.7, 0.4, and 0.3 kcal mol" 1 
from the Ki values of [Mpr\Ala 12 ]STp(5-17) and [Mpr 5 ,Gly 12 lSTp(5-17) 
[Mpr\Vali 2 ]STp(5-17) and [Mp^Ala^STpCS-n), and [Mp^STp^-n) and 
[Mpr\Val ]STp(5-17), respectively. The contribution of the p-methylene to the apparent 
binding energy is about 70% of that of the whole side-chain of Pro 12 , suggesting that the p- 
methylene plays an important role for the receptor binding. This result is compatible with the 
fact that the p-methyl group of Ala 13 which is adjacent to the p-methylene of Pro 12 in the 
tertiary structure of the ST molecule is also important for the receptor binding [8, 9]. Therefore, 
it is considered that a site formed by the p-methylene of Pro 12 and the p-methyl of Ala 13 binds 
to the ST receptor protein and a site formed by y- and 6-methylenes of Pro 12 is not so closely in- 
volved in the binding as p-methylene of Pro 12 
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Conclusion 

The x-ray analysis of [Mpr 5 ,Val 12 ]STp(5-17) demonstrated that its molecular structure is 
almost identical with that of [Mpr 5 ]STp(5-17) and suggested that the molecular structures of 
three ST analogs, [MprMle^STp^-n), [MpryUa^STp^-H), and [Mp^Gly^jSTp^- 
17), are the same as that of [Mpr^STp^-H). Based on the results from x-ray analysis and re- 
ceptor binding assay, we estimated that the p-methylene of Pro 12 takes 70% of the side-chain 
contribution of Pro 12 to the apparent binding energy and that the shares of y- and 6-methylenes 
are 20 and 10%, respectively. The results take us consider that ST receptor protein binds to a site 
formed by the p-methylene of Pro 12 and the p-methyl group of Ala 13 and provide a molecular 
basis for the interaction between ST and its receptor protein. 
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Abstract— Remarkable changes in the binding affinity and selectivity of pyridine-based receptors toward monosaccharides have 
been observed when the degree of steric hindrance at pyridine nitrogen atom decreases. 
© 2004 Elsevier Ltd. All rights reserved. 



The molecular recognition of carbohydrates by synthetic 
receptors forms an area of high current interest, arising 
from the extreme importance of sugar molecules within 
biological systems. Carbohydrates actively control a 
whole range of biological processes including cell 
growth and differentiation. A range of carbohydrate 
binding proteins mediate the interactions of cells with 
their environment, primarily via interactions with the 
carbohydrates on the surfaces of cell. 1 Thus, the 
carbohydrates play fundamental roles in cell-cell recog- 
nition and other interactions processes. The protein- 
carbohydrate interactions involve the hydrogen 
bonding, metal, coordination, van der Waals forces, and 
hydrophobic interactions. 1,2 These interactions have 
inspired the development of a number of different arti- 
ficial receptor structures for the recognition of carbohy- 
drates. 3 Particularly, many representatives of hydrogen 
bonding receptors have been obtained and studied. 4,5 
However, the selective and effective molecular recogni- 
tion of carbohydrates by a synthetic receptor is still a 
challenging goal in artificial receptor chemistry. 

In this paper we describe the remarkable changes in the 
affinity as well as selectivity of pyridine-based receptors 
when the degree of steric hindrance at pyridine nitrogen 
atom decreases. The acyclic receptors 1 and 2, 6 com- 
pared to the previously reported receptor 3, 5b reflect the 
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change from a,ot- to the a,(J- or a,y-disubstituted pyr- 
idine groups. The presence of an unsubstituted opposi- 
tion in the pyridine ring is a typical feature of the 
receptors 1 and 2. Consequently, the pyridine units are 
sterically less hindered at nitrogen and can be involved 
much easier and effective in the binding interactions. 
These receptors contain neighboring, acceptor/donor 
groups (pyridine-N/amide-NH), which are able to par- 
ticipate in cooperative hydrogen bonds with the sugar 
hydroxyls. As shown by our earlier studies, the property 
of cooperativity is of particular importance in the area 
of synthetic carbohydrate receptors. 41 ' 5 Although, the 
structural variation of the receptor structure is m i nim al, 
the binding properties of the new receptors change 
dramatically. 



R 3 




4: R = C B H 17l 4a: R = CH 3 5 : R = C 8 H 17 
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The evidence for the particularly strong complexation of 
monosaccharides with the receptors 1 and 2 was 
obtained by the NMR spectroscopy and extraction 
experiments. The crystal structures of the receptors 1 
and 2 are shown in Figure 1. 

All l H NMR titration experiments were carried out in 
the concentration range, in which the receptors do not 
self-aggregate ([1] or [2] < 0.0015 mol/L). The concen- 
tration range was estimated on the basis of a series of 
dilution experiments. The *H NMR titrations show that 
the addition of only O.Sequiv of oc-glucopyranoside 4 




Figure 1. Crystal structure of 1 (a) and 2 (b), 7 top and side views. 



leads to practically complete complexation of host 1. 
The signal due to amide NH of 1 shifted downfield by 
l.lOppm and the aromatic phenyl proton peak moved 
upfield by 0.40 ppm. Both the stoichiometry observed by 
fitting the binding isotherm and the molar ratio plots 
verify that host 1 forms 2:1 receptonsugar complexes 
with ot-glucopyranoside. A clear break in the molar ratio 
plot indicates that the formation of a complex with high 
stability constant is taking place. 8 Additionally, receptor 
1 is able to extract O.Sequiv of methyl-ot-D-glucopyr- 
anoside (4a) from the solid state into a CDC1 3 solution. 

The binding affinity toward ot-glucopyranosides 4— 4a 
obtained with receptor 1 is comparable to that obtained 
with the host 2. The complexation between 4 and 
receptor 2 is again evidenced by several changes in 
the *H NMR spectra, particularly by the significant 
downfield shifts of the receptor amide protons 
(A<5max = 1.10 ppm) and upfield shifted resonances for 
the aromatic phenyl protons of 2 (AS^ = 0,37 ppm), as 
shown in Figure 2a. After O.Sequiv of octyl a-D-gluco- 
pyranoside (4) had been added, almost no change was 
observed in the NMR spectra. 

The plot of the observed and calculated downfield 
chemical shifts of the NH resonances of 2 as a function 
of added sugar 4 is illustrated in Figure 3a. 9 The graph 
rises linearly with increasing the sugar concentration 
until A<5 max is reached at 1:0.5 receptonsugar stoichi- 
ometry. In the first part of the titration curve the 
receptor is the excess component and sugar the minor 
component, thus the 1:1 complex is formed followed by 
the immediate formation of a strong 2:1 receptor-sugar 
complex. 

The data from titrations of 1 or 2 versus ot-glucopyr- 
anoside 4 suggested a very large value of the overall 
formation constants and were impossible to follow for 
precisely binding constant calculations. In order to 
determine the binding constants, additional inverse 
titrations were carried but in which the concentration of 
glycoside 4 was held constant and that of receptor 1 or 2 
varied. In these titrations, the motion of the signal due 
to anomeric CH proton of 4, which is shifted signifi- 
cantly downfield, was monitored. The typical titration 
curves are shown in Figure 3c and d. In the first part of 
the titration curves, the sugar is now the excess com- 
ponent and the receptor the minor component. The 
anomeric CH proton exhibits chemical shift changes of 
0.55 and 0.50 ppm (AS^) during complexation with 1 
and 2 (Fig. 2c), respectively. These shifts are signifi- 
cantly larger in comparison to those reported usually for 
the anomeric CH in the literature (mostly A<5 max = 0.05- 
0.1 5 ppm), indicating an important contribution of this 
unit to the stability of the complexes 41 and 4-2. On 
the basis of the inverse titrations the binding constants 
of 4 and receptor 1 were found to be 3640 (K A i) and 
82,450 M" 1 (Ka), while the binding constants for 4-2 
amount to 2100 (AT al ) and 47,600 M" 1 (K^). 9 The 
stronger binding of 1 in comparison to 2 can be attrib- 
uted both to the different basicity of the pyridine rec- 
ognition units (the increase in pK z is somewhat greater 
for y- than for P-methyl substituted pyridine 10 ) and to 
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Figure 2. (a) 1 H NMR spectra (CDC1 3 , 25 °C) of receptor 2 (the shifts of the NH and CHph resonances are shown) after addition of (from bottom to 
top) 0.00, 0.39, 0.59, 0.80, 0.99, 1.19, 1.40, 1.59, 1.99, and 2.39equiv of a-glucopyranoside 4 ([2]=1.33mM). (b) <H NMR spectra of receptor 2 (the 
shifts of the NH and CH n resonances are shown) after addition of 0.00, 0.25, 0.50, 0.63, 0.75, 0.88, 1.00, 1.13, 1.26, 1.51, 1.76, 2.00, 2.26, and 
2.52equiv of 5 ([2]=1.03mM). (c) The downfield chemical shifts of the anomeric CH resonances of a-anomer 4 during the titration with receptor 2 
([4]=0.61 mM, [2]=0.1 0-2.50 mM). (d) The downfield chemical shifts of the anomeric CH resonances of f*-anomer 5 during the titration with receptor 
2 ([5)=0.61 mM, [2]=0. 10-2.50 mM). 



the different sterical effects. The 2:1 receptonsugar 
binding mode is also supported by molecular modeling. 
A possible structure of the 2:1 and 1:1 complexes of 2 
and 4 is shown in Figure 4. 

In contrast to a-anomer 4, the P-anomer 5 showed lower 
affinity to 1 and 2. The *H NMR titration of 1 or 2 
versus 5 also produced several spectral changes (Fig. 
2b), The largest complexation-induced shifts were 
observed for the NH-signal (downfield shift of 0.85 and 
0.80 ppm for 1 and 2, respectively,) and for the phenyl 
CH-signal of the receptors (upfield shift of 0.35 ppm for 
1 and 0.30 ppm for 2). Comparison of Figure 3a and b 
clearly shows that the process of complexation is not 
reflected by these chemical shifts upon binding with 
a- or P-anomer in the same way. Whereas after the 
addition of 0.5 equiv of a-anomer almost no change was 
observed in the chemical shift of receptor signals, with 
the P-anomer chemical shift changes continue to higher 
receptonsugar ratios. Nevertheless, for all systems the 
stoichiometry observed by fitting the binding isotherm is 
in agreement with that determined by the ratio method, 
which indicates the formation of 1:2 sugar:receptor 
complexes. The best fit of the titration data was 
obtained again with the 'mixed' 1:1 and 2:1 recep- 
tonsugar binding models. The association constants of 
660 (K iX ) and 24,200 m* 1 were determined for 5-1 



(Table 1), whereas the binding constants for 5*2 amount 
to 440 (K &x ) and 22,600 m" 1 The association 

constants obtained from these experiments (typical 
titration curve is shown in Fig. 3e) are identical within 
the limits of uncertainty to those determined from 
titrations where the role of host and guest 5 was 
reversed. As shown in Figure 2d, the peak for the ano- 
meric CH proton of 5 is affected significant weakly by 
complexation (0.18 and 0.15 ppm by complexation with 

1 and 2, respectively) than that of 4 (Fig, 2c), indicating 
a weaker binding again. 

Notably, the observed a/p-anomer selectivities of 1 and 

2 differ from those observed for the hydrogen-bonding 
host molecules described so far, which usually show 
higher affinity toward P-anomer. This preference has 
been ascribed to the hydrogen-bonding abilities of sugar 
hydroxyl groups. As discussed in Refs. 4f and 11 the 
axial 1-alkoxy group in a-anomer can form intra- 
molecular hydrogen bonds with 2-OH group more easily 
than equatorial 1-alkoxy substituent in P-anomer can 
do. In this context, the 2-OH in P-glucopyranoside 5 is 
relatively free from intramolecular hydrogen bonding 
and can interact with receptor molecules more strongly. 
The strong binding of 4 with 1 or 2 indicates that the 
intermolecular host-guest H-bonding compete effec- 
tively with the intramolecular H-bonding network in 



3120 



M. Mazik, W. Sicking I Tetrahedron Letters 45 (2004) 3117-3121 




S-j , , 1 

ODO CUM 0.16 024 

(C) fTTTRANTJ • HT 1 

Figure 3. Plot of the observed (x) and calculated (-— ) downfield 
chemical shifts of the NH resonances of 2 as a function of added 
a-glucopyranoside 4 (a) or p-glucopyranoside 5 (b). The [receptor]/ 
[sugar] ratio is marked (a-b). Plot of the downfield chemical shifts of 
the anomeric CH resonances of sugar 4 as a function of added 1 (c) or 
2 (d), respectively. Plot of the downfield chemical shifts of the ano- 
meric CH resonances of sugar S as a function of added 2 (e). The 
[sugar]/[receptor] ratio is marked (c-e). 




Figure 4. Energy-minimized structure of the 2:1 (left) and 1:1 (right) 
complexes formed between receptor 2 and glucopyranoside 4 (Mac- 
roModel V.6.5, Amber* force field, Monte Carlo conformational 
searches, 50,000 steps). 



carbohydrates. The intramolecular bond is replaced by 
enough intermolecular H-bonds during the binding 
process. Molecular modeling studies suggest the exis- 



Table 1. Association constants K t * (M~') and corresponding free 
energy changes AG° (kJmol" 1 ) for receptors 1-2 and glucopyranosides 
4-5 



Host-guest 
complex 


A,, (AG 0 ) 


*a2 b (AG°) 


A<$in« (ppm) 


14 


3640 (-20.3) 


82,450 (-28.0) 


O.SS'/l.lO - 


2-4 


2100 (-18.9) 


47,600 (-26.7) 


0.50 e /1.10 d 


■1-5 


660 (-16.1) 


24,200 (-25.0) 


0.18 c /0.85 d 


2-5 


440 (-15.1) 


22,600 (-24.8) 


0.15 c /0:80 d 



a Average K h values from multiple titrations (CDClj, stored over 
activated molecular sieves and deacidified with A1 2 0 3 ), values pro- 
vided by hostest. 9 The reproducibility of the tf a values was ±10- 
15%. Uncertainty in a single K t estimation was ±2-10%. Dilution 
experiments show that receptors do not self-aggregate in the used 
concentration range. 

b 2:l Receptonsugar complex. 

c Complexation-induced shifts observed for the anomeric CH of sugar 

(titrations of sugar vs receptor, inverse titrations). 
d Complexation-induced shifts observed for the NH of receptor 

(titrations of receptor vs sugar). 



tence of hydrogen bonds between OHs of 4 and the 
amide-NH/pyridine-N of 1 or 2, including cooperative 
hydrogen bonds (OH- -N-pyr, HO- -HN-amide), in 
which the hydroxyl group acts simultaneously as a 
hydrogen bond donor and acceptor. The hydrogen 
bonds are supplemented by interactions of sugar CH 
moieties with the phenyl and pyridine groups of the 
receptors. Both sides of the pyranoside ring (a- and 
(J-face) are involved in the stacking interactions with 
aromatic residues of the two receptor molecules in 2:1 
receptonsugar complexes. Furthermore the complex of 
4 is also stabilized by weak CH- • -N-pyr and CH- • 0=C 
hydrogen bonds. These intermolecular interactions were 
also evidenced by the observed changes of chemical 
shifts in the NMR spectra of the complexes. In com- 
parison with 4, the CHs of sugar 5 participate in less 
intermolecular interactions (as indicated by molecular 
modeling, 5 is less favorable positioned in the cavity 
between the two receptors). The 2:1 receptonsugar 
complexes display also hydrogen bonding between the 
two receptor molecules (two amide-NH- ■ N-pyr 
hydrogen bonds). 

In contrast to receptors 1 and 2, receptor 3, in which 
both pyridine a-positions are blocked, shows signifi- 
cantly lower affinity to both anomers and the formation 
of 1:1 complexes. The binding constant for ot-anomer 4 
and receptor 3 was found to be 4000 M" 1 , the one for 
(J-anomer 5 and host 3 amounts to 8700 M -1 . 5 Thus, the 
binding properties of the new receptors 1 and 2 appar- 
ently indicate that the steric interactions involving the 
pyridine substituents significantly affect the binding 
properties. These results reflect clearly the great impor- 
tance of hydrogen-bonding interactions with the pyr- 
idine nitrogen atom for the binding affinity of the 
receptors. According to molecular modeling the steric 
effects from the ot-position of the pyridine rings of 3 
hinder the formation of intermolecular interactions, 
which are typical for 2:1 receptonsugar complexes 
between 1/2 and glucopyranosides. The decreased degree 
of steric hindrance at the pyridine nitrogen allows for 
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the development of much stronger host:guest hydrogen- 
bonding interactions in the complexes. This knowledge 
may also enable the design of further hydrogen-bonding 
receptors, which may lead to the development of new 
chemosensors. Structures of type 1 or 2 can be incor- 
porated into more sophisticated architectures to create a 
range of receptors, which should be able to form ener- 
getically favorable 1:1 complexes with sugar derivatives. 
Studies to synthesis of new receptors of this type are in 
progress. 



Acknowledgements 

This work was supported by the Deutsche Forschungs- 
gemeinschaft (SFB 452), We thank Prof. Roland Boese 
and Dieter Blaser for performing the X-ray measure- 
ments, and Prof. Craig Wilcox for giving access to the 
hostest program. 



: References and notes 

■ 1. (a) Osboni, H.; Khan, T. Oligosaccharides. Their synthesis 
and biological roles; Oxford, University Press: New York, 
2000; (b) Lis, H.; Sharon, N. Chem. Rev. 1998, 98, 637- 
674. 

2. (a) Weiss, W. I.; Drickaroer, K. Ann. Rev. Biochem 1996, 
55, 441; (b) Quiocho, F. A. Pure. Appl. Chem. 1989, 61, 
1293-1306; (c) Lemieux, R. U. Chem. Soc. Rev. 1989, 18, 
347_374. 

3 (a) Davis, A. P.; Wareham, R. S. Angew. Chem., Int. Ed 
1999, 38, 2978-2996; (b) Hartley, J. H.; James, : T. D.; 
. Ward, C. J. /. Chem. Soc, Perkin Trans. 1 2000, 3155- 
3184; (c) For a recent review on boronic acid based 
receptors, see: James, T. D.; Shinkai, S. Top. Curr. Chem 
2002,275,159-200. 

4. Some recent examples: (a) Welti, R.; Abel, Y.; Gramlich, 
V ■ Diederich, F. Helv. Chim. Acta 2003, 86, 548-562; (b) 
Welti, R.; Diederich, F. Helv. Chim. Acta 2003, 86, 494- 
503; (c) Dukh, M.; Saman, D.; Lang, K.; Pouzar, V.; 
Cerny, I.; Drasar, P.; Krai, V. Org. Biomol Chem. 2003, 1, 
3458-3463; (d) Ishi-I, T.; Mateos-Timoneda, M. A.; 
Timmerman, P.; Crego-Calama, M.; Reinhoudt, D. N.; 
Shinkai, S. Angew. Chem., Int. Ed 2003, 42, 2300-2305; (e) 
Lecollinet, G.; Dominey, A. P.; Velasco, T.; Davis, A. P. 
Angew. Chem., Int. Ed 2002, 41, 4093-4096; (f) Tamaru, 
S.; Shinkai, S.; Khasanov, A. B.; Bell, T. W. Proc. Natl. 



Acad ScL U.S.A. 2002, 99, 4972-4976; (g) Ladomenou, 
K- Bonar-Law, R. P. Chem. Commun 2002, 2108-2109; 
(h) Liao, J.-H.; Chen, C-T.; Oiou, H.-C; Cheng, C.-C; 
Chou, P.-T.; Fang, J.-M.; Slanina, Z.; Chow, T. J. Org. 
Lett. 2002, 4, 3107-3110; (i) Mazik, M.; Radunz, W.; 
Sicking, W. Org. Lett. 2002, 4, 4579-4582, and references 
cited therein. 

5. (a) Mazik, M.; Sicking, W. Chem. Eur. J. 2001, 7, 664-670; 
(b) Mazik, M.; Bandmann, H.; Sicking, W. Angew. Chem, 
Int. Ed 2000, 39, 551-554. 

6. Compounds 1 and 2 were synthesized from benzene-1,3,5- 
tricarbonyl chloride and 2-amino-4-methyl-pyridine or 
2-amino-5-methyl-pyridine, respectively (CH 2 C1 2 or THF, 
NEt 3 , room temperature). A^#\N"-Tris-(4-methylpyridin- 
2-yl)benzene-l,3,5-tricarbonamide (1): 'H NMR (CDC1 3 ): 
6 = 2.40 (s, 9H, 3xCH 3 ), 6.93 (d, 3H pyr , J = 5.2Hz), 8.17 
(d, 3H pyr , J = 5.2 Hz), 8.20 (s, 3H^), 8 68 (s 3H Ph ) 8£2 
(s, 3H; 3xNH). "C NMR (CDC1 3 ): d = 21.35, 114.98, 
121.51, 129.38, 135.70, 147.58, 150.07, 151.27, 163.94. HR- 
MS, calcd for C^NeO,: 480.1910. Found: 480.1903. 
N ^-Tris-CS-methyl-pyridin^-yObenzene-l^.S-tricar- 
bon-amide (2): 'H NMR (200, CDC1 3 ): 6 = 2.32 (s, 9H, 
3xCH 3 ), 7.58 (dd, 3H pyr , J = 8.6/2.20 Hz), 8.13 (d, 3H py ,, 
J = 2.2Hz), 8.25 (d, 3Hpyr, J = 8.6 Hz), 8.67 (s, 3H P h), 
8 73 (s, 3H, 3xNH). lS C NMR (CDC1 3 ): 6 = 17.87, 
113.84, 129,17, 129.83, 135.73, 139.07, 147.96, 148.97, 
163.38. HR-MS, calcd for CzT^NfiOj: 480.1910. Found: 
480.1907. t . 

7 Crystals of 1 were obtained from THF/heptane solution, 
crystals of 2 from ethanol solution (one hydrogen-bonded 
ethanol molecule is shown). Crystallographic data for the 
structures reported in this paper have been deposited with 
the Cambridge Crystallographic Data Centre as supple- 
mentary publication no CCDC-229363 (1) and 229364 (2). 

8. (a) Schneider, H.-J.; Yatsimirsky, A. Principles and 
Methods in Supramolecular Chemistry; John Wiley & 
Sons: Chichester, 2000, p 148; (b) Tsukube, H.; Furuta, 
H.; Odani, A.; Takeda, Y.; Kudo, Y.; Inoue, Y.; Liu, Y.; 
Sakamoto, H.; Kimura, K. In Comprehensive Supra- 
molecular Chemistry; Atwood, J. L., Davis, J. E. D., 
MacNicol, D. D., Vogtle, F., Eds.; Pergamon: Oxford, 
UK, 1996; Vol. 8, p 425. 

9. Wilcox, C S.; Glagovich, N. M. Program hostest 5.6, 
University of Pittsburgh. 

10. Katritzky, A. R; Pozharski, A. F. Handbook of Hetero- 
cyclic Chemistry; Pergamon: Amsterdam, The Nether- 
lands, 2000; p 178. 

11 (a) Cuntze, J.; Owens, L.; Alcazar, V.; Seller, P.; Diede- 
' rich, F. Helv. Chim. Acta 1995, 78, 367-390; (b) Huang, 
C.-Y.; Cabell, L. A.; Anslyn, E. V. / Am. Chem. Soc. 
199AJ16, 2778-2792. 



Design and Synthesis of Sialyl Lewis* 
Mimics as E- and 
P-Selectin Inhibitors 
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Abstract: The selectins are a family of cell-adhesion proteins that mediate the rolling of 
leukocytes on activated endothelial cells through the recognition of the carbohydrate epitope 
sialyl Lewis x (sLe x ). Control of the leukocyte-endothelial cell adhesion process may prove useful 
in cases where excess recruitment of leukocytes can contribute to acute diseases such as stroke 
and reperfusion injury and chronic diseases such as psoriasis and rheumatoid arthritis. The 
development of molecules that block the interactions between sLe x and the selectins has become 
an active area of research. In this review, we will highlight the various approaches taken toward 
the development of sLe x mimetics as antagonists of E- and P-selectin, including the use of 
structural information about the selectins and their interactions with sLe x that have been revealed 
• through the use of NMR, protein crystallography and molecular modeling. © 2002 Wiley Periodicals. 
Inc. Med Res Rev, 22, No. 6, 566-601 , 2002; Published online in Wiley InterScience (www. interscience.wily.com). 
DOI 10.1002/med. 10018 

Key words: selectins; inflammation; antagonist; structural biology 
1. INTRODUCTION 

The selectins are a family of three (i.e., P-, E-, and L-selectin) calcium-dependent, cell-adhesion 
molecules. They are transmembrane glycoproteins containing an amino-terminal lectin domain, an 
epidermal growth factor domain and a variable number of complement regulatory-like repeats. 
There is greater than 50% homology between the lectin domains among the human selectins. P- 
selectin is stored in secretory granules of endothelial cells and platelets. It is rapidly expressed on 
the surface after stimulation with cytokines. 1,2 E-selectin is expressed on activated endothelial 
cells. 3 L-selectin is constitutively expressed on the surface of most leukocytes. 4,5 Once injury 
occurs, there are four important steps in the transfer of leukocytes from the blood stream to the 
injury site: (a) attachment and rolling, (b) activation, (c) adherence, and (d) transendothelial 
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Figure J. Transfer of leukoctes from the blood stream to the injury site. [Color figure can be viewed in the online issue, which is avail- 
able at www.intersctence.wiley.com.] 

migration (Fig. I). 6 In a productive immune response, this leads to seclusion of infection. However, 
overzealous transfer of leukocytes causes widespread tissue damage leading to several disease states 
such as reperfusion injury, cardiovascular diseases, and allergic diseases. Therefore, the develop- 
ment of selectin antagonists is an attractive therapeutic target. 

The first step in the adhesion cascade, attachment and rolling, is mediated by the interactions 
between carbohydrate epitopes on the leukocytes and E- and P-selectins. 7,8 P-selectin mediates 
attachment and is translocated to the surface of the endothelium within minutes of activation. 
E-selectin mediates slow rolling and is expressed after several hours on the activated cell surface. 
Although several selectin counter receptors have been proposed, the best characterized is the 
physiological ligand for P-selectin, P-selectin glycoprotein ligand-1 (PSGL-1). It is a disulfide- 
bonded homodimer with two 120-kDa subunits. It is expressed qn all leukocytes 9 " 11 and binds 
P-selectin via an anionic amino-terminal peptide sequence (Fig. 2). 



CR EGF Lectin 




Figure 2. Selectin counter receptors. 
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The carbohydrate epitope (0-linked glycans) on PSGL-1 is the tetrasaccharide sialyl Lewis* 
(sLe x , 1-1, Fig. 2). sLe x binds to E- and P-selectin with low-affinity, having a K D of 0.5 and 8 mM, 
respectively. 5 PSGL-1 binds to P-selectin with high affinity and requires both the sLe x containing 
Oglycan and one or more tyrosine sulfates. PSGL-1 binds weakly to E-selectin. The importance of 
the selectins in inflammation is borne-out in selectin deficient mice. The P-selectin knockout 12,13 
and the P/E selectin double knockout show elevated levels of neutrophils in the blood. 14,15 These 
knockout mice exhibit impaired DTH response and delayed TIP response. 

The known biology of the selectins suggests that inhibiting the selectin-sLe x interaction, which 
is the initial event in the adhesion cascade, is an effective approach for treating a variety of disease 
states such as: (a) reperfusion injury during myocardial infarction, organ transplantation, and 
traumatic shock; (b) cardiovascular diseases such as atherosclerosis and peripheral vascular disease, 
and (c) allergic diseases such as bronchial asthma and rhinitis. 16-19 The first half of this review will 
discuss the use of structural information about the selectins and their interactions with sLe x that have 
been revealed through the use of NMR, protein crystallography, and molecular modeling. The 
second half of this review documents the attempts made toward a small molecule E- and P-selectin 
inhibitor and some of the issues related to biological evaluation of these antagonists. 



2. STRUCTURE AND MODELING OF SELECTINS 

A complete knowledge of the biology of the selectins requires a comprehensive understanding of the 
three-dimensional structure of the selectins, their ligands, and their complexes. Experiments ranging 
from binding studies of modified sLe x analogues to structure determination using NMR and protein 
crystallography have been utilized by numerous groups. Early information revealed by these 
experiments was crucial to the development of models of the interactions between the selectins and 
sLe x . While many of these models failed to correctly predict all of the interactions between sLe x and 
the selectins that were recently deduced from the crystal structures of the sLe x bound to E- and 
P-selectin, 20 they were a driving force behind the design of selectin antagonists and further structure 
determination experiments discussed in this review. In this section, a general overview of these 
structure-related experiments will be presented, starting with a discussion , of the protein 
crystallography experiments, followed by a discussion of binding studies of modified sLe x 
analogues, NMR experiments and finally an overview of the various hypothetical complex 
structures and the molecular modeling experiments. 

A. Selectin Structure 

The selectins consist of five domains: a N-terrninal, calcium-dependent lectin domain, an epidermal 
growth factor domain (EGF), a variable number of complement regulatory-like units (CR), a 
transmembrane domain, and an intracellular tail. The sLe x binding site has been localized on the 
lectin domain. 21 The role of the EGF and CR domains in ligand binding is still unclear. There is data 
to suggest that both domains play a role in binding, but in the case of E-selectin the data is 
conflicting. 22 " 28 Because most, if not all, of the drug design efforts that have been published to date 
are directed towards antagonists that bind to the lectin domain, we will concentrate our discussions 
on structural work regarding the lectin domain and selectin ligands. 

B. Protein Crystallography 

The crystal structure of an oligosaccharide bound to rat mannose-binding protein A (MBP-A). was 
the first crystal structure to directly impact the development of selectin antagonists 29 There is 
~30% identity between the lectin domains of MBPs and selectins. It was the first structure of an 
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oligosaccharide bound to a C-type lectin domain. One of the required calcium ions was shown to 
bind directly to the oligosaccharide, in contrast to previous crystal structures of lectin- 
oligosaccharide complexes, where the calcium or manganese ions were critical to maintaining 
the structural integrity of the binding site but did not directly interact with the oligosaccharide. 30-33 

The calcium ion in MBP-A interacts directly with the 3- and 4-hydroxyls of mannose, which are 
in equatorial positions. MBP-A also binds L-fucose which has an axial 4-hydroxyl and an equatorial 
2-hydroxyl. Superimposing the 2- and 3-hydroxyl of L-fucose onto the 4- and 3- hydroxyls of d- 
mannose, respectively, allows the sugars to occupy the same space when binding the calcium ion 
with their equatorial hydroxyls and allows for the third hydroxyl of each sugar to overlay and 
interact with the protein. D-galactose is not bound by MBP-A. Overlaying the calcium-binding 
hydroxyls of D-galactose onto D-mannose suggests that the interaction of the third hydroxyl is 
critical for binding as the third hydroxyl of D-galactose is not in position to interact with the protein. 
These observations became the basis for most of the hypothetical models of sLe x binding to the 
selectins, where the required calcium binds to the 2- and 3-hydroxyls of the L-fucose unit of sLe x . 
While this was a perfectly rational assumption to make based on the data in hand at that time, it was 
later shown to be incorrect. 

Graves et al. provided ihe first look at the sLe x binding site when they solved the crystal 
structure of the lectin and EGF domains of E-selectin. 34 When compared to the MBP-A complex 
structure it was apparent that the lectin domain of E-selectin has some important differences. The 
most apparent difference was the loss of the second calcium binding site. In addition, only four 
conserved residues are used to bind the calcium (Glu80, Asn82, AsnlOS, and Aspl06) by E-selectin. 
The fifth conserved residue used by MBP-A is replaced by a water in E-selectin due to a change in 
the position and orientation of the conserved residue. Other differences were also identified and are 
generally related to insertions and deletions in the sequences. Solving the crystal structure of E- 
selectin provided the foundation for defining the sLe x binding site and a launching pad for a number 
of hypothetical models of sLe x bound to E-selectin. 

Subsequently, Ng and Weis solved the crystal structure of sLe x bound to a selectin-like mutant 
of MBP-A. 35 Residues 211-213 were mutated to the corresponding Lys-Lys-Lys sequence found in 
lectin domain of E-selectin. In this complex structure, the 2- and 3-hydroxyls of fucose complex 
calcium, as had been predicted based on the earlier MBP-A complex structures. 29 The 4-hydroxyl of 
galactose interacts directly with Lys211 (MBP-A), while the 6-hydroxyl of galactose interacts with 
Lys211 (MBP-A) through a water mediated hydrogen bond. The most interesting aspect of this 
crystal structure was that the carboxylate of sialic acid did not interact with the protein. This was 
surprising since sialic acid had been shown to be important to binding. The authors proposed two 
possible explanations: (1) that sLe x binds in a different orientation to E-selectin than to the MBP-A 
triple mutant or (2) that the structure was consistent with the known data and that the importance of 
the carboxylate of the sialic acid may not be directly related to a specific interaction with E-selectin. 

The latest and most significant crystallographic experiments involve solving the structure of 
sLe x bound to E-selectin and P-selectin and the structure of the PSGL-1 N- terminus bound to P- 
selectin by Somers et al. 20 The structure of sLe x bound to E-selectin, shown in Figure 3, provided a 
few surprises. The majority of the interactions are electrostatic in nature. The buried surface area is a 
relatively small 549 A. 21 The calcium is bound by the 3- and 4-hydroxyls of fucose. The majority of 
the proposed hypothetical models had predicted that the 2- and 3- hydroxyls of fucose would bind to 
the calcium ion. In addition, some of the other specific interactions between sLe x and E-selectin 
were unexpected based on previous crystal structures and predictions. 

The primary interactions between sLe x and E-selectin are given in Table I and Figure 4. The 3- 
and 4-hydroxyls of fucose make additional interactions with protein sidechains that also bind the 
calcium ion. The 4-hydroxyl of galactose binds to the sidechain of Tyr94 while the 6-OH binds to 
the sidechain of Glu92. The sialic acid makes two interactions in the E-selectin crystal structure, one 
to the sidechain of Arg97 and the other to the sidechain of Tyr48. In P-selectin, Arg97 is mutated to a 
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Figure 3. The crystal structure of sLe* bound to lectin domain of E-selectin.The structure of E-selectin is represented with a ribbon, 
colored by a secondary structure (yellow — a-helix; purple — b-sheet; cyan — random coil), outlined to protein backbone. The bound 
calcium is represented by a green sphere and sl_e x is shown in a capped stick model. 

serine, eliminating an ion-ion interaction. The superior interactions of sialic acid with E-selectin 
may provide a partial rationalization for the ~ 15 fold greater affinity of sLe x for E-selectin over P- 
selectin. 

While many theoretical models of sLe x -selectin complexes predicted the interaction of sialic 
acid with Arg97, most of the other interactions were incorrectly predicted, although the general 
location and orientation of sLe x in the binding site was reasonable. This points out the difficulty in 
predicting the structure of a protein-ligand complex, particularly when the interaction between the 
protein arid the ligand is weak. 

The crystal structure of the PSGL-1 N-terminus bound to P-selectin has also been solved. The 
peptide contained the 28 N-terminal amino acids, including three tyrosines that are sulphated. Each 
of the sulfated tyrosines were shown to contribute to binding. 20 From a drug design prospective, this 
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Table L Interaction Distances Between sLe x and E-Selectin and the 
Bound Calcium and E-Selectin Obtained From the Somers' Crystal 
Structure of sLe x Bound to E-Selectin 



Interaction 


• 

Distance (A.) 


Ca 2+ -Fuc 0 3 


2.39 


Ca z+ -Fuc 0 4 


2.59 


Glu80 sc-Fuc 0 4 


2.64 


Asn82 sc-Fuc 0 4 


2.98 


Tyr94 sc-Gal 0 4 


2.89 


Glu92 sc-Gal 0 6 


2.54 


Arg94 sc-Gal 0! 


3.10 


Tyr48sc-NeuAcC0 2 H 


2.54 


Arg97 se-NeuAc C0 2 H 


2.79 


Ca 2+ -<3lu80sc 


2.56 


Ca 2+ -Asn82 sc 


2.43 


Ca 2+ -Asn83sc 


2.35 


Ca 2+ -Asn105sc 


^37 


Ca 2+ -Asp106bb 


2.48 


Ca 2+ -Asp106sc 


2.35 



Distances (in Angstroms) are measured heavy atom to heavy atom, 
bb, backbone; sc, sidechain. 



structure is very important because it defines a second binding site that is proximal to the sLe x 
binding site that may be ameniable to inhibitor design. Two of the three sulfated tyrosines are visible 
in the crystal structure. Tys7 of PSGL- 1 has a well defined binding site, interacting with a number of 
residues through electrostatic (Ser46, Ser47, Lysll2, Hisll4) and non-polar interactions (Ser47, 
Lysl 13). TyslO of PSGL-1 packs against Leu8 and Leul3 of PSGL-1 directing the TyslO sulfate so 
that it interacts with Arg85. Other interesting features of this complex structure are a conformational 
change of P-selectin around the calcium binding site and a change in the orientation of the lectin 
domain with respect to the EGF domain. 

C. Modified SLe* 

Many groups have chemically modified the structure of sLe x , shown in Figure 5, in a systematic way 
to identify the minimal required structural binding elements for sLe x binding to the selectins. 

The fucose moiety of sLe x has four substituents, three hydroxyls and a methyl group, that can 
potentially interact with the selectins upon binding. Based on homology to mannose-binding 
protein, the fucose moiety was correctly assumed to function as the calcium recognition unit of sLe x , 




Figure 4. A schematic depicting the interactions between sLe x . E-setectin, and the bound calcium. 
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NeuAc Qal GtoNAc 




Figure 5. Structure of sialyl Lewis\ Sugars are designated by abbreviations. 



Ramphal et al. replaced each of the substituents with a hydrogen to determine their importance for 
the binding of sLe x to E-selectin. 36 The replacement of any of the hydroxyl groups resulted in a 
complete loss of binding, while replacement of the methyl group with hydrogen (replacement of 
fucose with arabinose) resulted in a molecule five times less active than sLe x . Hasegawa et al, looked 
at replacement of each of the hydroxyls in the fucose of sLe x and found them to be crucial for 
binding to E- and L-selectin. 37 In the case of P-selectin, they found that only the 3-hydroxyl was 
critical for sLe x binding. It was assumed by analogy to MBP-A and latter confirmed by the 
determination of sLe x bound to E- and P-selectin that two of the fucose hydroxyls coordinate the 
calcium. While it is somewhat surprising that the other calcium coordinating hydroxyl was not 
found to be critical for binding, it should be noted that sLe x binds most weakly to P-selectin and the 
interactions between the 2- and 4-hydroxyls of fucose may not be as optimal when sLe x binds to P- 
selectin as compared to binding to E-selectin. Henrichsen showed that replacement of the 2- 
hydroxyl of fucose with a methoxy group eliminated binding to E-selectin. 38 

The galactose moiety of sLe x has three hydroxyl substituents that can potentially interact with 
the selectins upon binding. Stahl et al. examined the role of the 4- and 6-hydroxyls by synthesizing 
deoxy sLe x analogues where the hydroxyl was replaced by a hydrogen and in the case of the 4- 
hydroxyl also replaced by a fluorine. 39 Preliminary assay results were alluded to which indicated 
that the analogues all bound more weakly to E-selectin than sLe x , suggesting that these substituents 
are important but not crucial to binding. The Novartis group recently published a study on the 
modification of the 6-hydroxyl of the galactose moiety in two sLe x mimetics which had better IC 50 s 
than sLe x for E-selectin. 40 Diverse sets of substituents were employed. All of the analogues of the 
mimetics were inactive. The authors suggested that the galactose 6-hydroxyl is optimal. 

The sialic acid moiety has four substituents, a glycerol sidechain, one hydroxyl, a carboxylate, 
and an amide, that can potentially interact with the selectins upon binding. Hasegawa et al. studied 
the role of most of these substituents. Various modifications of the glycerol sidechain resulted in 
little to no effect on binding to E-selectin. 37,41 Removal of the ^/-acetyl group also has little effect on 
binding. 37 Replacement of the carboxylate by different charged groups resulted in similarly active 
molecules. 37,42 

The GlcNAc moiety has three substituents, two hydroxyls and an amide, that can potentially 
interact with the selectins upon binding. Ohmoto et al. studied sLe x analogues where the 1-hydroxyl 
of GlcNAc was replaced by hydrogen and the 2-position remains a NHAc as in sLe x or substituted 
with a hydroxyl or a hydrogen. Each analogue was tested against E-, P-, and L-selectin and showed a 
unqiue specificity profile. The authors suggested that removal of the 1-hydroxyl of the GlcNAc 
moiety increased the hydrophobicity of the analogue and, based on models of the complex of these 
analogues with P-selectin, increase binding affinity through a hydrophobic interaction between the 
GlcNAc ring and Hisl08. This interaction is not available to sLe\ Most studies have suggested that 
the role of GlcNAc is to preorganize the moieties of sLe x 43 ^ 5 
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D. NMR Spectroscopy 

The use of NMR spectroscopy to study the conformation of sLe x in solution and bound to the 
selectins has been prolific. For the purposes of this review, a general overview of the area will be 
provided to highlight the efforts of many different research groups. Early work in this area was 
directed at defining the conformation of sLe x in solution. Three independent studies reported 
conformations that were in general agreement, suggesting a single conformation of sLe x in 
solution. 46 " 48 Subsequent NMR and molecular dynamics studies of sLe x in solution indicated that 
the Gal-NeuAc linkage was flexible, opening the possibility that sLe x exists as an ensemble of low 
energy conformations in solution. 49 ' 50 Poppe et al. found evidence that the Gal-NeuAc linkage 
samples three different conformation, but that data suggested that the other glycosidic linkages were 
in single conformations. 51 Recently, Homans et al. reinvestigated the conformation of sLe x in 
solution using 13C-enriched sLe x and 3D ROESY-HSQC experiments. 52 These experiments 
allowed for the determination of a much greater number of conformational restraints than had 
previously been determined. Time-average restrained molecular dynamics simulations suggest that 
the three glycosidic linkages are much more flexible than previously thought. During the course of 
the short simulation, a second conformation of sLe x was accessed for a significant amount of time, 
indicative of the flexibility of the linkages. 

Cooke et al. utilized differences in the tNOEs of sLe x bound and unbound E-selectin to study 
the complex. 49 They suggested that the bound conformation of sLe x was not the same as the 
unbound conformation of sLe\ Hensley et al. reported just the opposite that the bound conformation 
of sLe x was identical to the solution conformation of sLe x . 53 This finding was disputed by Scheffler 
et al., 54 * 55 who obtained similar results to that of Cooke with more extensive NOESY experiments. 
Poppe et al. published data on the conformation of sLe x bound to E- and P-selectin. 51 The bound 
conformation of sLe x is similar in both cases, though the largest difference is in the Gal-NeuAc 
linkage, which is the most flexible glycosidic linkage in solution. These results differed from those 
of Scheffler in the conformation about Fuc-GlcNAc linkage. Most recently, Homans et al. reported 
3D NOESY-HSQC experiments using 13C-enriched sLe x to determine the bound conformation of 
sLe x bound to E-selectin. 52 Their structure of bound sLe x had differences from that of Scheffler in 
the galactosyl-sialyl linkage and that of Poppe in the Fuc-GlcNAc linkage. The dihedral angles for <f> 
and \|/ about each glycosidic linkage as determined by NMR experiments are given in Table H, along 
with the values obtained from the Somers' crystal structures for comparison. 



Table II. Dihedral Angles for d) and \|/ About Each Glycosidic Linkage of sLe x Bound to a Selecun is Given as 
Determined by NMR and Protein Crystallography 



Model 


Selectin 


NeuAc-Gal 


Gal-GlcNAc 


GlcNAc-Fuc 


4> 








<t> 


x|/ 


Scheffler 


E 


-76 ±10 


6±10 


39 ±10 


12±6 


38±7 


26 ±6 


Poppe 


' E 


-58 ±5 


-22 ±5 


24±5 


34 ±3 


71 ±3 


14 ±2- 


P 


-85 ±11 


-4 ±12 


45±4 


18±4 


61 ±10 


26 ±6 


Homans 


E ■ 


-43 


-12. 


45 


19 


. 29 


41 


Somers 


E 


-65 


-11 


33 


16 


43 


22 : 




P 


-65 


-8 


40 


8 


40 


16 




P 8 


-55 


-11 


40 


16 


70 


20 



Dihedral angles are given in degrees and standard errors are provided where available. 
'Measurements made on the sLe* moiety of PSGL-1 when bound to P-selectin. 
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Table III. Ineraction Between sLe\ E- and P-Selectin and the Bound Calcium as Defined in Various 



Hypothetical Models 



Residue 


Kogon" 


Poppe 


Kondo 


KOtD 


Fuc0 2 


Ca + 


Ca 






Asn105 sc 






MSMIUOoL 


Fuc0 3 


Ca 


Ca 


oa 


Pa 2 + 
Ud 




oinou sc 










Asn82 sc 








Fuc 0 4 








Asn82 sc 


GicNAc 0 6 






Lys111 sc 




GicNAc Amide 






Asn82 sc 




Gal0 4 




Tyr94 sc 




Asn105 sc 


Gal0 6 


Tyr94 sc 




Tyr94 sc 


Tyr94 sc 






Asn105 sc 




NeuAcC0 2 H 


Arg97sc 


Tyr48 sc 


Lys113sc 


Arg97sc 


Ca 2+ 


Glu80 sc 




Gtu80 sc 


G!u80 sc 




Asn82bb 






Asn105sc 




Asn105 sc 






Asp106 bb 




Asp106 bb 






Asp106 bb 




Asp106 sc 









•■ "model ot sLe" bound to E-selactin. 
"model ot sLe x bound to P-selectia 
bb, backbone; sc sidechain. 



£. Hypothetical Models ofSLe* Bound to the Selectins 

A large number of models of sLe x bound to E-selectin and P-selectin have been developed over the 
years. In this section, the models that have been described in some detail will be discussed to show 
the variety of hypotheses that exist in the field, highlighting the success and failures when compared 
to the recently published complex structures. Table m gives the important interactions predicted to 
occur between sLe x and E-selectin or P-selectin as compiled from the models discussed below. 

Kogan et al. published a model of sLe x binding to E-selectin. 56 The model was constructed 
using the crystal structure of E-selectin and the complex structure of mannose bound to MBP-A. 
The conformation of sLe x that was docked to E-selectin was based on the NMR experiments of 
Cooke. MBP-A was superimposed onto E-selectin. sLe x was initially overlayed onto mannose as it 
binds to MBP-A, requiring that the 2- and 3-hydroxyls of fucose interact with the bound calcium. 
The MBP-A structure was removed and energy minimizations for sLe x bound to E-selectin were 
carried out. No constraints or solvation models were used in the calculations. The minimization 
relaxed high-energy non-bonded interactions. The resulting model had the 6-hydroxyl of galactose 
bound to Tyr94 and the sialic acid bound to Arg97. 

A model for sLe x bound to P-selectin was presented by Kondo et al. 44 A homology model of P- 
selectin was developed based on homology to and the crystal structure of E-selectin. After residues 
were manually changed to the appropriate P-selectin residues, a molecular dynamics simulation was 
performed to let the protein to relax any poor non-bonded interactions in the initial model and to 
allow for any reorganization of loops and sidechains resulting from the newly mutated residues. The 
final model of sLe x binding to the P-selectin has some interesting features. Consistent with modified 
sLe x experiments, only the 3-hydroxyl of fucose binds to the calcium. The 6-OH of GicNAc 
interacts with Lyslll, while the carbonyl of the ^/-acetyl group of GicNAc interacts with Asn82. 
These are novel interactions not predicted in any of the sLe x -E-selectin models. The 6-OH of 
galactose binds to Tyr94 and Asnl05, while the sialic acid binds to Lysll3. 
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Poppe discussed a model of sLe x bound to E-selectin and P-selectin based on their NMR 
experiments of sLe x complexed. 51 The models were generated using their preferred conformation of 
sLe* docked to the E-selectin crystal structure or a homology model of P-selectin. In each case, the 
2- and 3-hydroxyls of fucose was situated to bind to the calcium. The conformation of sLe x was 
constrained arid a 2000 step rigid-body minimization was performed. The resulting structure was 
subjected to 10 ps of molecular dynamics at 300 K and subsequently minimized for an additional 
2000 steps. In each case, the 4-hydroxyl of galactose interacts with Tyr 94 and the sialic acid binds 
to Tyr48. 

The most recent model of sLe x bound to E-selectin was presented by Kolb et al. 57 The 
generation of this model was not described explicitly. The 2- and 3-hydroxyls of fucose bind to 
calcium. In addition, the 2-hydroxyl interacts with Asnl05 and the 3-hydroxyl interacts with Glu80. 
The 4-hydroxyl of fucose binds to Asn82. The 4-hydroxyl of galactose interacts with Asnl05 and 
the 6-hydroxyl interacts with Tyr94. Lastly, the sialic acid is predicted to bind to Arg97. 

As can be seen looking at Table HI, each of the models has interactions correctly predicted and 
incorrectly predicted. The most common mistake was the interactions of fucose with the bound 
calcium and its binding site. The use of the 3- and 4-hydroxyls to bind calcium was unexpected 
based, in part, on the crystal structures of MBP-A. The fact that the predictions of the remaining 
interactions were wrong concerning different interactions demonstrates the difficulty in predicting 
the crystal structure of a ligand bound to a receptor, particularly when the biological interaction is 
relatively weak. 

F. Molecular Modeling 

The molecular modeling efforts directed toward drug design and discovery can be split into two 
groups. The first group is based solely on the structure of the ligand without the direct involvement 
of the receptor structure in the calculations. The ligand based efforts, which can be further broken 
down to conformational analysis and pharmacophore searches, will be discussed first. The second 
group is receptor-based modeling where efforts are directed toward understanding and optimizing 
the interactions between the ligand and the receptor. The receptor-based efforts will be discussed 
second. 

Kolb et al. published a number of papers based on a Monte Carlo conformational analysis 
method they developed for the rapid generation of a Boltzman weighted ensemble of states. 58-60 
Included in the methodology is the utilization of an implicit water model (GB/SA) to allow for a 
more realistic computational representation of the ligand of interest as it would exist in a biological 
environment. An example of the use of this methodology was recently published where Ernst et al. 
were attempting to get improved affinity by designing mimetics that improved preorganization of 
the important pharmacophoric elements. The replacements of GlcNAc by (R,R)-cyclohexan-l,2- 
diol and sialic acid by glycolic acid or cyclohexyl lactic acid were evaluated. Compound 2-1, shown 
in Figure 6, samples a wider range of conformations than sLe x samples in solution, but 2-1 still 
sampled a conformation similar to the bound conformation of sLe x , just with a lower frequency than 
sLe x in solution does. Replacement of glycolic acid with (S)-cyclohexyl lactic acid (2-2) lead to a 
compound that sampled conformations similar to the conformation of bound sLe x with greater 
frequency than sLe x does in solution, whereas (R)-cyclohexyl lactic acid (2-3) lead to a compound 
that never sampled the appropriate conformation for binding to E-selectin. This lead the authors to 
correctly predict that 2-2 would be more active than 2-1 or 2-3 (see Section 3B) because it contained 
a higher level of conformational preorganization than the other ligands. The conformation of 2-2 
bound to E-selectin was determined by NMR and shown to be the same as that of sLe x . 

Information obtained from molecular dynamics simulations that are described later in this 
review was used to develop a pharamacophore model for an E-selectin inhibitor. 61 A 3D- 
pharmacophore search of the ACD-3D database was done using the pharmacophore, as shown in 



576 • KAILA AND THOMAS 




Figure 7. No hits were found using the pharmacophore, so the pharmacophore was modified by 
replacing the fucose moiety with a carboxylate, the sulfonic acid with a carboxylate, and the 
branched alkyl chain with a single alkyl chain. Using the modified pharmacophore, 2-4A was 
identified as an inhibitor. Further optimization using conformational analysis and medicinal 
chemistry resulted in a potent inhibitor 2-4B (see Section 3D). 




2-4A HN — C— CHj COjH 

2-4B NH H 

Structure 2-4 

Rao et al. also used a pharmacophore search based on the bound conformation of sLe x to 
identify potential inhibitors. 62 The pharmacophore was based on the three vicinal hydroxyls of the 
fucose and the carboxylate of the sialic acid, which in their model were separated by 10-12 A. The 




10 



Original Pharmacophore Modified Pharmacophore 

Figure 7. The original pharmacophore resulting from the model of sLe x bound to E-selectin derived from molecular dynamics simu- 
lations and the modified pharmacophore that was successfully used to search the ACD for selectin antagonists. 
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initial 2D search of the FCD database, which contained ~75,000 compounds at the time, yielded 
almost 400 hits. Using the pharmacophore with the distance constraints reduced the number of hits 
to 23, which was further reduced to 9 hits upon visual examination. Three of the compounds assayed 
showed activity. These compounds are shown in Figure 8. One of the hits, glycyrrhizin, is a natural 
product with known anti-inflammatory properties. It blocked binding of sLe x in a dose-dependent 
fashion. It had an IC 50 of < 0.5 mM against P-selectin. Cariminic acid also blocked selectin binding 
at concentrations comparable to those of glycrrihizin. A-Hedrin was less active (IC50 = 2-3 mM). 

Kogan et al. designed a series of sLe x mimetics using mannose attached to a biphenyl moiety 
that contained a carboxylate, with the intention of including the hydroxyls of the sLe x fucose and the 
carboxylate of the sLe x sialic acid. 63 Using their previously described model of sLe x bound to E- 
selectin, a mannose-biphenyi unit was superimposed onto the fucose of sLe\ This allowed for the 
evaluation of many substitutents at various positions on the biphenyl ring. The optimal substituent 
was a carboxylate that was predicted to interact with Arg97 (see Section 3C). 

Tsujishita et al. studied a model of GSC-150 (2-5), bound to E-selectin using molecular 
dynamics simulations. 64 Based on the molecular dynamics simulations, three critical interactions 
were identified: calcium binding by the 2- and 3-hydroxyls of the fucose moiety, sulfate binding to 
the basic protein residues, and an extended hydrophobic interaction between the long-branched 
alkyl chains and, the protein surface. The molecular dynamics simulations indicated that the 
interaction between the sugar and the calcium was weak, while the hydrophobic interaction was 
strong. The two hydrophobic areas on the protein surface are predicted to be (1) Tyr44, Pro46, and 
Tyr48 and (2) Ala9, Leull4, and the alkyl portions of the Lyslll, Lysll2, and Lysll3 sidechains. 
Another interesting side of these simulations was the transitity of the interaction between the 2- 
hydroxyl of the fucose and the calcium; While the interaction between the 3-hydroxyl and the 
calcium is tight throughout the molecular dynamics simulation, the interaction between the 2- 
hydroxyl and the calcium fluctuated greatly. GSC-150 was found to be more potent than sLe x 
against E- and P-selectin in an competitive binding assay. 

Kondo et at. designed a series of antagonists using modified serine-glutamic acid dipeptides. 
Molecular dynamics simulations of 2-6, 2-7, 2-8, and 2-9, shown in Table IV, were undertook to 
evaluate the effect of differences in the peptide stereochemistry on binding. Initial models were 
generated by binding the 2- and 3-hydroxyls groups of the fucose to the bound calcium. In the case 




Figure 8, Three active selectin antagonist identified using a 3D pharmacophore to search the ACD database. 
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2-5 (GSC-150) 



Structure 2-5 

of 2-6, the d-G1u was directed towards Arg97, whereas for 2-7 the l-G1u was directed towards 
Lyslll. The hydrophobic chains were situated close to a previously defined hydrophobic binding 
region. The 200-ps molecular dynamics simulations using explicit water were performed on each 
complex. The final form of 2-6 was a type II P-turn which was not present in the initial structure. In 
the case of 2-7, the initial and final structures were characterized by a type IT p-turn. Models for 2-8 
and 2-9 bound to E-selectin were not stable over the course of the simulations. These results were 
used to choose the starting templates for further chemical optimization. 66 

Kondo et aL also found that a five-membered fucose ring can replace a six-membered fucose as 
the calcium binding moiety in their dipeptide inhibitors. 67 Average structures from molecular 
dynamics simulations of model complexes of 2-7 and 2-11 bound to E-selectin indicate that the 2- 
and 3-hydroxyls of the 5-membered fucose of 2-11 overlay well with those of the 6-membered 
fucose of 2-7. Both 2-10 and 2-11 showed good activity in an E-selectin assay (Table IV). 

Taylor et al. designed a sLe x mimetic based on a model of the complex of sLe x bound to E- 
selectin. 68 Using a method similar to that of Kogan et al., the Taylor model was constructed by 
docking sLe x , in a conformation defined by the NMR experiments of Scheffler, to the E-selectin 
crystal structure of Graves. The 2- and 3-hydroxyls of fucose were required to bind to the calcium. 
This put the sialic acid in proximity of Arg97. sLe x was minimized to eliminate any steric clashes. 
Multiple conformers of 2-12, a tetralin with a O-linked fucose and an alky 1- linked carboxylate, were 
generated and subsequently superimposed onto the fucose of sLe x . It was found that one of the low 
energy conformers of 2-12 placed its carboxylate in proximity of Arg97, mimicking the fucose, and 

Table IV. IC 50 ' S (|iM) of Serine-Glutamic Acid Dipeptide Based Inhibitors of Tsukida et al. against E-, P-, and. 
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sialic acid of sLe x . This was the most active compound in their assay, 2-fold more active than sLe x . 
Unusual activity was seen for compound 2-13. Modeling studies indicated that this compound could 
occupy the active site with a potential interaction between the acid group and the guanidino group of 
Arg97 but that the interaction vector differed from the interaction vector utilized by the sialic acid of 
sLe\ No activity was seen in compounds without a fucose or a carboxylic acid group (2-14). 



Gravel et al. took a similar approach to evaluate a cis-decalinic mimetic of sLe\ After 
generating a model similar to Kogan et al,, 2-15 was superimposed onto the fucose of sLe\ 
Compound 2-15 was minimized in the binding site, using constraints on the interactions between the 
fucose hydroxy Is and the bound calcium. The carboxylate of 2-15 was predicted to interact with 
Tyi94 as well as Arg97. This requires the carboxylate of 2-15 to interact with Arg97 from a different 
orientation than the sialic acid of sLe x , allowing an interaction with Tyr94 that is accounted for by 
the 4-OH of galactose in the crystal structure complex of sLe x and E-selectin. Compound 2-15 had 
the same activity as sLe x for both E- and P-selectin. 

Slee et al. recently published on imidazole-based selectin inhibitors. 70 Compounds were 
manually docked onto a model of P-selectin. These structures were energy minimized followed by a 
Monte Carlo protocol. The resulting structures have a carboxylate binding to the calcium, the 
imidazole ring proximal to Lyslll and Lysll3 and an amide moiety interacting with Ser97 and 
Ser99. In the case of 2-16, one of the more potent compounds, a second carboxylate binds to Lysl 12. 
This compound showed good activity in all in- vitro assays. In the mouse TIP model it reduced the 
inflammatory response in a dose-dependent manner, causing a 30-50% reduction in cell infiltration 
at doses of 10-50 mg/kg i.v. 

Kaila et al. designed and synthesized (3-C-mannosides as E-selectin antagonists (also see 
Section 3C). 71 They used the proposed structure of Poppe et al. 51 as a starting point for modeling the 
bound structures of mannosides 2-17 and 2-18 to E-selectin, respectively. The mannose ring of 2-17 
and 2-18 were overlaid onto the L-fucose in the proposed complex structure. The glutamate side 
chains of 2-17 and 2-18 were then orientated such that they were pointed in the general direction of 
the sialic acid binding site. The structures were energy minimized followed by a Monte Carlo 
simulation. Instead of the mannose moiety remaining overlayed on the fucose moiety in the Poppe 
sLe x structure, it relaxed onto the surface of E-selectin, optimizing the non-bonded interactions. 
Using the lowest energy, Monte Carlo structure of 2-18 bound to E-selectin as a starting point, a 




Structure 2-12 to 2-15 
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Structure 2-16 
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virtual library that corresponds to derivatization of C-6 of mannose was generated in the presence of 
E-selectin. Each initial structure was minimized, followed by a Monte Carlo simulation. The low 
energy structure of each construct was retained, ranked, and used to choose reagents. 




2-17 2-18 

Structure 2-17 to 2-18 



3. SMALL MOLECULE SELECTIN ANTAGONISTS 

Sialyl Lewis x and other tetrasaccharide analogs have been prepared both for study of structure- 
function relationships and use as drug candidates. 17,57,72 " 78 The use of sLe x itself as a drug candidate 
has proven to be unsuccessful. Cytel Corporation announced in 1999 that CY1503 (cylexin, a sLe x 
pentasaccharide) showed no benefit over the placebo in phase UIUI clinical trials for treatment of 
reperfusion injury although it blocks selectin activity in a variety of animal models 79 The likely 
reason for the failure is low bioavailabilty and poor stability to degradative enzymes. Low biological 
affinity is another factor; the Kd values for E- and P-seiectin binding to sLe x are 0.5 and 8 mM 
respectively. An additional obstacle towards study and use of sLe x analogs as drug candidates is the 
difficulty in synthesis. Sialyl Lewis x has been synthesized using chemical and enzymatic 
techniques. Wong et ai. previously discussed these in a review. 17 Large-scale production of sLe x is 
most effectively accomplished using a multienzyme system. 47 Thus, like other carbohydrates, sLe x 
and its analogs seem to suffer from poor pharmacokinetic properties, low binding affinity and 
complexity of synthesis. 

In recent years several research groups focused on searching for orally available, high affinity, 
low molecular weight selectin inhibitors. The most frequently used strategy has been the 
substitution of the sugars in sLe x with other moieties such that the key interactions are retained. Our 
discussion mimics this approach by sorting the selectin inhibitors on the basis of number of sugars 
present in the molecule. 

A. Mimics Containing Three Sugars 

Sialic acid (NeuAc) is the most expensive sugar in sLe\ There is ample evidence in literature that it 
can be successfully replaced by anionic functionalities. Sulfated Lewis x trisaccharide 3-A1 does 
exist, as a natural analog of sLe x , and shows superior binding to E-selectin. 80 Several groups 
replaced sialic acid with a sulfate group. 37,81 Martin-Lomas et al. 82 prepared a sulfated trisaccharide 
derivative. The synthesis of their potential ligand 3-A2 was made easier by substituting the less 
important Af-acetyl glucosamine with glucose, so they can start with the readily available lactose 
unit. No activities were reported for these compounds. Glycomed patented sulfated-lactose 
derivatives as selectin antagonists. 83 Kiessling's group prepared Le a sulfated trisaccharides 3-A3 
where the /V-acetyl group of glucose has been removed. 84 These compounds showed activity against 
E-selectin. Compound 3-A3.1 was 20-fold more potent than 3-A3.2 in an E-selectin ELISA assay. 
The l-deoxy-3'-0-sulfo Lex analogs 3-A4 prepared by Hasegawa 85 were found to be less potent 
than sLe x in their E-selectin assay but showed increased potency against P-selectin in a competitive 
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binding assay (IC 50 0.56 mM for 3-A4.2, 0.67 mM for 3-A4.3, 1 mM for sLe x ). Some other groups 
also prepared non-sialylated trisaccharide sLe x mimics. Non-sialylated Af-modified analogs of sLe x 
and sLe a (3-A5) were prepared by Imazaki and found to be equipotent to sLe x in an in vitro E- 
selectin assay. 86 In an in vivo lipoteichoic acid (LTA)-induced murine pleursy model compounds 3- 
A5.1 and 3-A5.2 showed 51 and 62% inhibition, respectively, at an i.v. dose of 30 mg/kg. Herczegh 
and Liptak prepared a sulfonic-acid type mimic (3-A6) of sLe x for which no activity was reported. 
87,88 NeuAc has also been successfully replaced with phosphate groups. 85,89 The 3'-0'-phospho Le a 
analog synthesized by Bertozzi et. al. was found to be 20-fold more active than the 3'-sulfo Le x 
derivative against E-selectin in an ELISA assay. 

The 3 '-carbbxy methyl substituted analog 3-A7 has similar antagonist affinity as sLe x . 90 This is 
the most frequently used sialic acid replacement. A more rigid sialic acid mimic was used in 
compound 3-A8 91 by Thoma and collaborators where the carboxylic acid is fixed in the equatorial 
position of a six-membered acetal to mimic the solution phase conformation of sLe\ Analog 3-A8 
was found to be inactive in an E-selectin assay. Other rigid Neu Ac mimics that have been used in the 
literature are lactic acid derivatives. These resulted in very active ETselectin inhibitors. For example, 
Thoma's group prepared several 1,2-deoxyglucose derivatives (3-A9) 92-95 Compound 3-A9.1, 
where NeuAc was replaced with a cyclohexyllactic acid and GlcNAc with a glucal-derived building 
block was thirty times more potent than sLe x in a static E-selectin assay. Another hypothesis put 
forward by some workers in the field suggests a complimentary lipophilic binding site on the E- 
selectin surface. In an effort to target this site, Thoma et al. prepared derivatives 3-A9.2 where they 
modified the glucal derived moiety. The activity profile did not support the presence of a lipophilic 
site. Two of the inhibitors 3-A9.1 and 3-A93 when tested in vivo in a murine model of acute 
inflammation, showed an ED50 of 15 mg/kg. 

Some work has been reported where the N-acetyl glucosamine has been replaced with other 
more stable functionalities, keeping the other three sugar units intact. Hanessian's group replaced 
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the GlcNAc monosaccharide with an indolizidinone type unit (3-A10). Compound 3-A10 was found 
to be inactive in an E-selectin cell free assay, but was more active than sLe x in a P-selectin assay. 
This group also used quinic acid as a glucosamine replacement (3-A11). 96 The cyclohexyl ring of 
quinic acid should be more stable than a sugar. Compound 3-A11 was found to be as active as sLe x . 
Toepfer and coworkers substituted glucose with trans-1,2 cyclohexanediol unit (3-A12) 97 This 
compound exhibited good activity in E- and P-selectin cell based assays. It was three times more 
potent than sLe\ 

In summary, while the mimics with three sugar units generally possess activity comparable or 
better than sLe x they are more useful for studying structure-activity relationships than as potential 
inhibitors. They suffer from most of the same issues as tetrasaccharide sLe x analogs, those being 
cost, stability, and rapid metabolism. 

B. Mimics Containing Two Sugars 

It has been shown that the N-acetyl glucosamine unit is merely a linker between fucose and 
galactose in sLe x (see Section 2). There have been several attempts to simplify the sLe x structure by 
replacing GlcNAc with groups that will keep the core conformation of sLe x unchanged. These 
mimics used either carboxymethyl or alkylated carboxymethyl as sialic acid surrogates. Ragan and 
Cooper 98 used a simple two-carbon tether to link the galactose, fucose, and a carboxymethyl group 
as a sialic acid mimic in their dissacharide 3-B1. Compound 3-B1 displayed weak inhibition in a 
static E-selectin assay. Mimetics prepared by Wong and collaborators contain ethylene glycol (3- 
Bl), butane, cis-olefin, and epoxide as spacers between galactose and fucose (3-B2). 99 " 101 
Conformational flexibility of the tethers was blamed for their lack 6f activity. Prodger's group was 
one of the first to use 1,2-diols as a glucose replacement. 102 ' 105 They also used the carboxymethyl 
unit as a sialic acid replacement in their derivatives 3-B3. Only one compound (3-B3.2) where a 
rigid cyclohexanediol was used as a mimic was found to be equipotent to sLe x in their E-selectin 
assay. The diols used contained diverse functional groups and different levels of torsional constraint. 
Kolb et al. replaced N-acetyl glucosamine with R,R-1,2 cyclohexanediol, but used L-phenyl lactic 
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acid (3-B4.1) or L-cyclohexyl lactic acid (2-2) as a sialic acid replacement. In their cell free ELIS A 
assay, 3-B4.1 and 2-2 were found to be three and twelve times more potent than a sLe x derivative (3- 
B5), respectively. Compound 2-2 is a selective E-selectin inhibitor in vivo. Following treatment with 
2-2, there was an increase in the leukocyte rolling velocity in TNF-a stimulated mouse cremaster. 106 
Encouraged by the positive results, this group prepared several derivatives where the six position of 
the galactose was modified in ^compounds 3-B4.1 and 3-B4.2. 40 Unfortunately, all the compounds 
were inactive. (IC 50 > 10 mM). They also rigidified compound 3-B4.1 by linking the 6-position of 
fucose to the 2-position of galactose. The rigid macrocycle 3-B6 was found to be three times less 
active than 3-B5. 60 Hanessian's group prepared mimetics where they replace the GlcNAc unit with a 
quinic acid 3-B7 96 and indolizidinone-type 3-B8 74 template. In these compounds, a carboxymethyl 
group was used to replace the sialic acid residue. Neither of the inhibitors showed any appreciable 
activity against E-selectin. 

Wong's group 107,108 synthesized the 1,1-linked dissacharide 3-B9 using the mannose sugar as a 
surrogate for fucose due to its better chemical stability and ease of availability. Compound 3-B9 was 
five times more active than sLe x in their cell-free E-selectin assay. Encouraged by this result, they 
modified the C-6 position of mannose. 109 In the above compounds, the flexible carboxymethyl 
group was used as a NeuAc substitute. They also synthesized spiro 1,1 -galactosyl mannosides 3- 
B10 in order to put constraints on the orientation of the carboxyl group. 110 Compound 3-B10.2, 
where the carboxyl group has a well-defined orientation, was found to be more potent than the more 
flexible dissacharide 3-B9 against P-selectin. 
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Another approach is to replace the galactose-A^acetylglucosamine disaccharide portion with a 
linker that will position sialic acid and fucose in a spatially similar arrangement as sLe\ Some of the 
spacers used were flexible alkyl chains, as seen in 3-B11.1, 111 3-B11.2, 112 and 3-B11.3. 113 To date, 
the unfunctionalized flexible linkers have shown disappointing biological activity. Some groups 
have argued that the entropic penalty resulting from the extreme flexibility of a simple saturated 
spacer is the reason for lack of activity. Use of a rigid benzenedimethanol moiety resulted in 
compounds that were 20-fold less active than sLe x in a static E-selectin assay (3-B12). 114 Prodger 
and coworkers used an inflexible spiroketal scaffold (3-B13). 1 15 Glycoside 3-B13 showed low levels 
of inhibition of E-selectin. One factor that could contribute to poor potency in the rigid linkers is the 
lack of functionalities that imitate the 4- and 6-hydroxyls of galactose, which are also necessary for 
activity (see Section 2). Allanson and associates used 6-atom chains (3-B14) hoping to create a 
mimic that would not only be a spacer but could also be used to introduce functionality to represent 
galactose. 116,117 These compounds were either inactive or showed weak binding to activated 
endothelial cell cultures. Toepfer et al. also observed loss of activity in E- and P-selectin cell based 
assays when they used propanediol-cyclohexane moieties to substitute for Gal-GlcNAc (3-B15). 97 
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In summation, mimics for the dissaccharide Gal-GlcNac have delivered disappointing results. 
Inhibitors that contain fucose and galactose sugars, but use a cyclohexane diol as GlcNAc and 
phenyl or cyclohexyl lactic acid as a NeuAc replacement have proven to be the most effective. Some 
of these potent compounds have shown efficacy in animal models. Whether the PK profile of these 
compounds containing two sugar units will permit their use as orally active drugs remains to be 
seen. 

C. Mimics Containing One Sugar 

All of the fucose hydroxyls are involved in the binding of sLe x to the selectins (see Section 2). Since 
the focus is to reduce the carbohydrate nature of the mimics several efforts have been made to design 
and synthesize compounds that contain only the fucose sugar bound to an appropriate scaffold to 
which a carboxyl group is attached. Hanessian prepared some fucosides where the stable carbocycle 
quinic acid was used as a D-galactose mimic, with a conformationally biased ethylenedioxy tether 
and a glycolic ether as glucose and sialyl carboxylate mimics, respectively (3-C1). Both the 
compounds were not active against E-selectin. As mentioned earlier, this group has also 
incorporated P-turn like motifs indolozidinone (3-C2) and y-lactam (3-C3) 74 scaffolds in fucosides. 
Since the use of trans- 1,2-cyclohexandiol moiety as a replacement for GlcNAc has met with some 
success, Toepfer and coworkers used this functionality to prepare a series of mimetics. Their 
malonic acid derivatives (3-C4) 118 showed better activity than the piperidine carboxylic acid 
compounds (3-C5). 119 ' 120 Inhibitors 3-C4.2 and 3-C5.1 showed inhibition of leukocyte adhesion in 
rat mesenteric venules at 3 mg/kg. The Liu 121 and Banteli 122 groups used aryl-cyelohexyl ether as a 
replacement for the galactose-glucosamine unit. All of the mimics prepared (3C-6 and 3-C7), 
except 3-C6.4, were found to be inactive against E-selectin. The authors feel that the use of an 
aromatic spacer instead of galactose probably does not allow for the preorganization of the 
molecules needed to fit the binding site. 

Wong and coworkers used a-O-fucosyl-aminocyclohexanol and a-0-fucosyl-threonine as a 
core structure for the synthesis of some 0-fucopeptides (3-C8.1 and 3-C8.2). In these inhibitors, 
aminocyclohexanol and threonine are the GlcNAc equivalent with the functionality in the amino 
acids substituting for the interactions made by the 4- and 6-hydroxyls of galactose. These 
compounds also have a carboxylate or sulphate containing R group that mimics the NeuAc. A large 
amount of work done with this class of compounds at the Scripps Research Institute resulted in some 
very potent selectin inhibitors. 123 " 129 A new synthetic strategy was developed for the parallel 
synthesis of some of the fucopeptides. These libraries were prepared by solid phase synthesis using 
para-acyloxymethylenzlidene acetal as an anchoring group. Wong and collaborators 130 also 
prepared some glycopeptides (3-C9) where L-galactose was used to mimic the L-fucose residue. A 
series of unnatural amino acids were used to replace the D-galactose of sLe x . A side chain containing 
a carboxylate group replaced the sialic acid. The unnatural amino acids used were prepared 
enzymatically or synthetically. Compound 3-C9.2 was the best mimic (two-fold more active than 
sLe x ). Researchers from Japan also prepared some O-fucosyl peptides (3-C10) that show selectin 
activity. 

Researchers at Glycomed 132 " 134 patented glycosides (mainly fucosides) with naphthyl, 
flavonoid, and phenyl backbones. Some investigators prepared conformationally rigid analogs of 
sLe x which contain fucose bound directly to tetralin, 68,135 naphthalene, 68,134 anthraquinone, 136 or 
anthracene. 136 Wong and Huang 100 designed 3-C11 where a D-tartaric acid derivative represents the 
glucosamine and a linear five-carbon spacer linked to a carboxylate replaces the NeuAc-Gal unit. 
Compound 3-C11 was 10-fold less active than sLe x against E-selectin. 

The use of a mannose residue over fucose was first done by Kogan and co-workers 63 because 
of considerations of cost, ease of synthesis and better fit in the E-selectin/sLe x model. The sialic 
acid was replaced with a carboxymethyl group, and a rigid biphenyl spacer was used in place of the 
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Gal-GlcNAc dissacharide. A series of (a-D-mannopyranosyloxy)biphenyl-substituted carboxylic 
acids were prepared. One of the compounds 3-C12.1, which has only one sugar and is half the 
molecular weight of sLe\ was found to be more potent than sLe x against E- and P-selectin. It lacks 
functionality to mimic the hydroxyl groups of galactose. The attachment of the mannose ring was 
varied, 137 which resulted in compounds 3-C12.2 and 3-C12.3. Both inhibitors showed improved 
binding compared to sLe x and 3-C12.1. Parekh and workers had isolated oligosaccharides 
containing extended sialyl di-Lewis x (Sle x Le x ) from human neutrophils. 138 Hence, Kogan et al. 1 - 
incorporated an additional mannose unit via an appropriate spacer in 3-C12.1 to mimic the sLe x Le x 
unit. Several variations in the arrangement and the number of mannose residues and carboxylic acid 
groups were made. Modifications in length or atom type in the linker were also studied for a series of 
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dimer and trimer compounds. Dimer 3-C12.4 (TBC1269) was found to be 6-fold and 50-fold more 
active than sLe x in its ability to inhibit the binding of sLe x expressing HL-60 cells to E- and P- 
selectin IgG fusion proteins, respectively. The authors suggested that the SAR of the divalent 
structures indicate that both mannose units bind to the same lectin domain. TBC-1269 is a phase II 
clinical candidate of Texas Biotechnology for the potential treatment of asthma, reperfusion injury, 
and psoriasis. 140 Toepfer and Kretzschmar 119 also prepared some piperidine carboxylic acid 
mannosides 3-Ci3. Both compounds were less active than sLe x against E- and P-selectin. Wong and 
coworkers prepared some mannosyl phosphonate derivatives (3-C14) using enzymatic aldol 
condensations. These compounds showed moderate inhibition against E- and P-selectin. 141,142 The 
O-glycoside mimetic 3-C14.1 was more active than C-glycoside 3-C14.2. 

Wong and collaborators 101,129 realized that the use of C-glycosides in place of 0-glycosides 
would increase the stability of the selectin antagonists towards endogenous glycodidases. Initially, 
they designed and synthesized fucopeptides 99,101 where the galactose residue was substituted with 
an amino acid either 4-hydroxy threonine (3-C15.1) or threonine (3-C15.2). A two or three carbon 
tether was then used to link the fucose to the amino acid via an amide or ester bond. Only compound 
3-C15.1 (X-NH, n = 2) showed inhibition comparable to sLe x in an E-selectin assay. On a positive 
note, these compounds were resistant to oc-fucosidase and P-galactosidase. This group also used the 
four component Ugi reaction to prepare a library of C-glycopeptides (3-C16). 143 Carbon linked d- 
mannose or L-fucose replaced the (9-fucose of sLe\ Some of the mimics were more active than sLe x 
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against P-selectin, but this was not the case for E-selectin. One of the compounds, 3-C17.1, was 
found to be fifteen times more potent than sLe x for P-selectin. A cyclic sLe x mimic (3-C17.2) 
containing all the functionalities of 3-C17.1 was synthesized at Scripps recently and found to be a 
100-fold more active at inhibiting P-selectin. 144 The synthesis of glycomimetic candidates using the 
Ugi reaction was first accomplished by Armstrong. 145 Some C-linked fucopeptides were patented 
by Kunz et. al. 146 Aryl C-linked glycosides were designed and synthesized by several groups. 147 " 151 
The aromatic ring functions as a scaffold on which the acid and fucose residues can be placed. 
Kretzschmar 147 used a flexible saturated chain to link the aryl group to fucose. The aryl group 
contains functionalities that mimic the NeuAc and the galactose residues. Compound 3-C18 showed 
comparable inhibition to sLe x in E- and P-selectin assays. This compound showed 43% inhibition in 
an in vivo leukocyte adhesion assay at 3 mg/kg i.v. 152,153 Satoh 148 attached the aryl ring with 
carboxylic acid functionality directly to the sugar (3-C19). A diverse set of carboxylic acids and 
sugars were used. These P-C-glycosides were found to be potent inhibitors of P-selectin in a 
competitive cell-free ELISA assay, showing IC 50 in the low Micro Molar range. Preparation and use 
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of benzyl, aryl, and A^hydroxyaminoalkyl C-glycoside as selectin antagonists was also reported by 
other Japanese groups, 150,151,154 Some quinic acid derivatives with the general structure 3-C20, 
where Y can be an amino acid or hydroxyl, have shown selectin inhibition. 155 These cyclohexane 
derivatives should be physiologically more stable. 
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Researchers at Novartis 156 tried to mimic the conformation of sLe x by preparing spatially 
restricted (R)- and (S)-aminoethyl-a-C-mannosides as building blocks for selectin inhibitors. Wong's 
group used the C-mannose core to produce several selectin antagonists. 133,157 They found a-mannosyl 
glutamate 2-17 to be five times more potent than sLe x . Based on modeling results (see section 2) Kaila 
et al. used the P-mannose scaffold to produce E-selectin inhibitors 3-C21. 7 1 Compounds that contained 
phenyl substituents at the C-6 position were found to have increased potency. Their most potent 
compound was five times less potent than sLe x in an E-selectin ELIS A assay. 

The activities observed for compounds containing only one carbohydrate unit suggest that non- 
carbohydrate antagonists of E- and P-selectin are a feasible alternative to sugar-based analogs. TBC 
1269 (3-C12.4), which is active in several animal models, is the most advanced drug candidate at the 
moment. 

D. High Molecular Weight Selectin Antagonists 

This class of compounds will be mentioned only briefly, since the focus of this manuscript is small 
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molecular weight selectin inhibitors. There are several reviews of this area in the literature. * 
Some of the papers published after the Wong review are cited here. Due to the hetrogeneity of the 
selectin interactions the most active inhibitors come from this class of compounds. The more potent 
selectin inhibitors so far are carbohydrates carrying lipophilic tails, high molecular weight charged 
aggregates, peptides, complex derivatives,, and conjugates of the tetrasaccharide sLe x and its 
mimetics. All these compounds are unfit for oral drug formulations. Sugar conjugates carrying 
lipophillic chains and charged aggregates share common structural features with detergents and are 
dependent on dosage, molecular weight and negative charge distribution/density. 166 " 169 These may 
be acting by distortion of the cell membranes in vivo. Kondo's group, in continuation of their work 
on sLe x mimetics, synthesized long chain fucofuranosyl Ser-Glu dipeptide and mannosyl Ser-Glu 
dipeptide that are active against the selectins. 66,67 ' 170 Recently they also developed a 
pharmacophore model of a sLeVE-selectin complex (see Section 2, Fig. 7) 61 and used it to identify 
a non-carbohydrate selectin inhibitor. Further optimization of the inhibitor resulted in 2-4B, which 
was 7-fold more potent than sLe x toward E-selectin. Slee et al. reported non-carbohydrate imidazole 
based selectin inhibitors. 70 Based on modeling studies, the authors proposed that these compounds 
bind in the sLe x site (see Section 2). 

Since the selectinrligand interactions are multivalent, inhibitors presented in a multivalent form 
should posses increased potency. This has indeed been the case. Polymers, liposomes, and protein 
conjugates containing sLe x or similar carbohydrates have shown increased binding to E- and P- 
selectins relative to their monomeric derivatives. Recently, Nagy and coworkers demonstrated that 
addition of anionic groups to the liposome matrix containing polyvalent displays of sLeMike 
oligosaccharide groups has a favorable effect on inhibition. 171 Researchers from Bristol-Myers 
Squibb showed that malonate substituted galactocerebrosides have a high affinity for P-selectin. 
They act by mimicking binding to the sLe x binding pocket. 172 Researchers in Japan recently 
produced several sLe x -polysaccharide conjugates and investigated their potential for drug delivery 
to inflammmatory lesions. 173 Some multivalent polylysine conjugates of 3-A9.1 prepared by Thoma 
and collaborators showed a 700-fold improvement in potency (compared to 3-A9.1) against E- 
selectin in an in vitro cell-based rolling assay. 174 

A peptide-based approach to selectin inhibitors has been examined, since the carbohydrate- 
protein interactions are weak. Several groups have used phage peptide libraries to isolate and 
identify peptides that bind successfully to receptors expressed in a tissue specific manner. Fukuda 
et al. recently screened peptides for their binding to anticarbphydrate antibodies that recognize E- 
selectin carbohydrate ligands. Using this approach, they successfully identified a heptapeptide that 
binds to all members of the selectin family. 175 When i.v. injected, this peptide, IELLQAR, inhibited 
the lung colonization of mouse B16 melanoma and human lung tumor cells expressing sLe x . Around 
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the same time Blaszczyk-Thurin and coworkers isolated a dodecapeptide that might be a selectin 
inhibitor. 176 Statistically significant reduction of neutrophil recruitment into the intraperitoneal 
cavity was observed upon administration of this peptide in a murine acute inflammation model 
in vivo. A carbon-fucosylated derivative of the natural substance glycyrrhizin is active against E- 
and P-selectin in in- vitro assays. 177 In conclusion, even though the molecules in this class are 
extremely potent selectin inhibitors, they are not ideal candidates for oral drug development. 

4. IIS VITRO BIOLOGICAL EVALUATION OF SMALL MOLECULES 

Since the selectins are involved in the attachment and rolling of leukocytes on the vascular surface, 
under the influence of shear forces, it gives them some unusual properties. They exhibit fast binding 
kinetics. The selectins make few interactions with their counter receptors. These contacts are for the 
most part electrostatic in nature. The overall affinity is weak. The consequence of the natural ligand 
binding weakly to the receptor necessitates the use of a multimeric presentation of the receptor or 
the ligand in the assays. For example, it is necessary to utilize avidity in the ELISA-based assays. A 
multimeric presentation ensures sufficient interactions survive wash steps and produce adequate 
signal to measure differences in inhibition of binding. A draw back to this approach is that 
mutimeric interactions lead to inconsistent complex formation, which in turn leads to larger assay 
variability than typical biological assays. As a result, there are false positives in these non- 
equilibrium avidity type assays. Also static cell adhesion assays with long interaction times can 
show in vitro binding that may not be relevant in the flow situations in vivo. A variety of assays have 
been used. These are summarized in Wongs review. 17 Workers at Wyeth/Genetics Institute 20 use a 
new assay, the Biacore (surface plasmon resonance) inhibition assay for P-selectin. In this assay the 
sensitivity of the Biacore instrument allows for measurement of the weak monomelic selectin 
interactions in real time, under equilibrium flow conditions, and therefore, avoids the pitfalls of the 
avidity assays. The Biacore instrument measures changes in the angle of light reflected from a 
sensor chip. This measured change is proportional to the mass at the sensor chips surface. 
Monomeric biotinylated ligand, PSGL-1, is immobilized on a streptavidin (SA) Biacore sensor chip. 
Soluble P-selectin, at the K D concentration for the interaction, is flowed over the chip with and 
without small molecule antagonist (Fig. 9). This assay gives fewer false positives and increases 
reproducibility. 

The use of a biophysical method like NMR is also a valuable tool to avoid some of the described 
difficulties with traditional assays. In transfer NOE experiments, molecules exhibit strong negative 
trNOEs when bound to the protein and can be differentiated from non-binding molecules with weak 
positive NOEs. 178 

Due to the problem with the reproducibility of assay results and the absence of a universal 
assay, we have not given absolute IC 50 values for inhibitors in this review. We have tried to express 
inhibitor potency relative to sLe x , so that the binding affinities for inhibitors from different groups 
can be qualitatively compared. 

In general, cell interaction assays incorporating physiologically relevant shear forces (e.g., in 
flow chambers) are more realistic. The in vitro flow assay developed by Patton et al. at Glycotech 
monitors the rolling of PMN on stimulated human umbilical vein endothelium cells (HUVEC) in a 
Flow, chamber. 93 Video records of bright-field microscopic regions of rolling and arrested cells are 
analyzed to quantitate inhibition. 

Another problem has been encountered in cases where acidic ion exchange resins are used 
during sLe x mimetics synthesis. Small amounts of polyanions released from the resin were found to 
be potent selectin inhibitors especially P-selectin. These polyanions are difficult to remove by 
chromatography (silica gel, biogel, sephadex, etc.) and not detectable by routine analysis. Several 
encouraging improvements observed for P-selectin antagonists should be considered with caution. 
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This was discussed by Kretzschmar et al. in their paper. Thus, a consequence of the weak 
selectin — sLe x binding is variability in assays and one must keep in mind the importance of assay 
conditions used when identifying potential ligands. 

5. CONCLUSIONS 

One strategy for the development on novel anti inflammatory therapeutics is the interruption of the 
leukocyte endothelium interaction. Clearly the disruption of the initial step in the cascade, i.e., 
attachment and rolling of leukocytes mediated by PSGL-1 (sLe x ) and the selectins is a viable 
approach. Sialyl Lewis x is a good starting point for the design of selectin antagonists and has been 
used by several groups to design selectin inhibitors with low molecular weight, modified physical 
properties, decreased synthetic complexity, and a reduced carbohydrate nature. Unfortunately, none 
of these sLe x mimics have yet been developed into an approved drug. There are several reasons for 
this. The sLe x binding site is flat and generally hydrophilic, particularly when compared to a typical 
drug target. The interactions between the ligand and receptor are primarily electrostatic in nature, 
with few other contacts being made. The inherent low affinity of sLe x for the selectins is required by 
the role it plays in the attachment and rolling process, which suggests that the binding site has 
evolved to optimize the specificity and the weakness of the interactions with sLe x . It may be 
reasonable to assume that the development of high-affinity antagonists for a binding site that has 
been evolved for weak interactions with a readily degradable ligand may be more difficult than the 
traditional drug target. In addition, carbohydrate-based molecules are generally prone to rapid 
metabolism and elimination. Finally, the lack of general testing protocols applicable in different 
research laboratories creates issues with biological evaluation. 

The recently determined X-ray crystal structures of human LE-P-selectin with sLe x and with a 
truncated human PSGL-1, as well as human LE-E-selectin with sLe x , provide new insight into the 
nature, of the interactions that result in the reduction of leukocyte rolling. This new information 
concerning the interactions between sLe x and the selectins, along with the knowledge that a second 
potentially drugable binding site exists proximal to the sLe x binding site, should be the impetuous 
for the design and development of novel selectin inhibitors. One could envision the design of novel 
non-carbohydrate based inhibitors specifically directed towards the PSGL-1 peptide binding site. 

At present no inhibitors of selectin-mediated cellular adhesion are on the market. In 1998, a 
phase HA clinical trial studying the intravenous use of TBC-1269 in asthma was completed In this 
study, TBC-1269 demonstrated statistically significant improvements over placebo as measured by 
eosinophil recruitment. An inhaled formulation of TBC-1269 is currently in a phase I clinical trial. 
A recombinant soluble PSGL-1 chimera (rPSGL-Ig) is currently in Phase II clinical trials for acute 
myocardial infarction. Recombinant PSGL-1 comprises the first 47 amino acids from the N-terminal 
end of the extracellular domain of mature PSGL-1 fused at the hinge region of IgGi. The search for 
an orally administered selectin-based prophylactic type treatment for inflammation is still ongoing. 
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Current Status 
of Selective Estrogen 
Receptor Modulators 
(SERMs) 



Suzanne D. Conzen 



Selective estrogen receptor modulators (SERMs) are a class of several structurally 
diverse molecules, including steroid hormones, that differentially bind to. and 
modulate the estrogen receptor (ER) in a tissue-specific manner. Because of a 
SERM's ability to act as an estrogen antagonist in breast tissue, these molecules 
can be potent anticancer agents and have been studied extensively in both the 
prevention and the treatment of breast cancer. However, the concomitant action 
of SERMs as potential estrogen agonists in nonbreast tissue, such as bone and 
endometrium, results in variable effects by individual SERMs on the develop- 
ment of osteoporosis and uterine cancer. On a molecular level, we are only be- „ 
ginning to understand why an individual SERM can act as an ER agonist in one 
tissue and as an antagonist in another, 1 but it is likely that the change in ER con- 
formation that follows binding by the SERM results in variable interactions with 
cofactors required for ER-mediated gene regulation. 2 This discovery has led to a 
resurgence of interest in developing an "ideal" SERM that might have potent 
antiestrogenic effects in the breast and endometrium and pro-estrogenic effects 
in the bone and central nervous system. At the same time, the development of 
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FIGURE 10.1 Model of the molecular basis of the potential differential effects of selective 
estrogen receptor modulators (SERMs) on estrogen receptors (ER-a) ^rsus ER-P In ' his 
conceptual model, binding of a SERM to ERa creates a conformatjonal change . th BR that 
favors coactivator binding and results in gene transcnpt.on. However the same SERM can 
2nd o ER-P and result in an alternative conformational change that does not J*"0£'"; 
teraction wrth the coactivator; therefore, no gene transcription results. Differential effects of 
S/ua. SERMs on ER binding can also resuK in varied affinities of ^f^TnUaXe.i 
In addition, the ratio of corepressor to coactivator expression can vary in different target cell 
types, resulting in cell type-specific gene expression profiles. 

aromatase inhibitors (Als) is challenging the traditional role of SERMs as the gold 
standard endocrine treatment for early and advanced breast cancer m post- 
menopausal women. 

MOLECULAR MECHANISMS O F SERM ACTION _ 

In the 1970s tamoxifen was the first SERM to be studied thoroughly in the lab- 
oratory and the first to be used in the treatment of breast cancer. As is true with 
all SERMs tamoxifen has mixed antagonistic and agonistic effects on the ER. The 
consequence of tamoxifen binding to an individual ER depends on the ER (a or 
ft isoform) and on the cell type. In fact, within a certain cell type, tamoxifen can 
act as an estrogen agonist on some genes and an estrogen antagonist on others. 
This complexity reflects the nature of the interaction of SERMs with ER-a or 
ER-B- the resulting change in the conformation of the ER on binding to the SERM 
appears to vary, depending on what cellular environment and specific gene tar- 
get is being considered (Fig. 10.1). 

Our molecular understanding of SERM mechanisms of action has recently 
increased dramatically because of the knowledge gained from the solution of the 
ER's three-dimensional structure and because of our better understanding of 
the mechanisms of ER-mediated gene regulation. In 1998, the structures of the 
hormone-binding domain of ER-a complexed to estradiol, diethylstilbestrol 
(DES) tamoxifen, and raloxifene were solved and revealed that the nature of 
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Overall Efficacy of SERMs In TamoxJfen-Reslstant and Hormone- 
Sensitive Advanced Breast Cancer 
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ORR, overall response rate (complete response + partial response); NA, not available. 
"Metaanalysis averages (Ref. 16). 



these ligands determines the overall change in structure of the receptor after 
binding. 3 - 4 The resulting shape of the receptor-SERM complex, in turn, deter- 
mines the precise interaction of the ER with coactivators and corepressors that 
are important for individual gene expression. The structure of the ER that is 
bound to tamoxifen revealed that coactivator binding can be blocked by tamox- 
ifen due to helix 12 of the ER hormone-binding domain moving over and block- 
ing access of the coactivator to the ER. Similarly, the comparative structures of 
the ER bound to estradiol versus raloxifene revealed that these two compounds 
bind to the same site within the core of the LBD but demonstrate different bind- 
ing effects on helix 12. More recendy it was demonstrated that the conforma- 
tional shape imposed by a specific SERM differs in outcome for a particular gene 
target depending upon whether the SERM binds to ER-<x or ER-p (Fig. 10.1). 
This implies that a different interaction with the same coactivator or corepressor 
can result depending on the specific ER isoform that is targeted by an individual 
SERM. 2 Thus, the emerging picture is that of SERMs binding to ER-a and/or 
ER-p and producing alternative shapes in the ER binding interfaces with coacti- 
vators and corepressors depending on the specific cell type milieu. 

The differential gene induction of various SERMs has resulted in a group of 
drugs that when bound to a receptor have variable effects on a complement of 
ER-regulated genes. Furthermore, the ability of the ER to interact with a large 
array of transcriptional regulatory proteins is important because it implies that 
SERMs can induce differential effects on genes in different cellular contexts based 
on variable interactions with corepressors and coactivators. It seems likely that 
the net balance of corepressors and coactivators in a cell as well as the relative 
proportions of ER-a and ER-p will determine the overall activity of a SERM in 
any individual cell type (Table 10.1). Therefore, designing SERMs that act as an- 
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tagonists in breast tissue and in the endometrium and as agonists in brain and 
bone is the goal of several active pharmaceutical and academic drug discovery 
programs. Such a compound may have an advantage over the "pure estrogen an- 
tagonist" SERMs and the AIs because they could have the beneficial effects of es- 
trogen (e.g., increasing bone density) on some tissues and antagonistic effects in 
the breast and the uterus. 

Because SERMs can act as estrogen antagonists in certain tissues and estrogen 
agonists in others, a great deal of .effort is being placed on understanding and pre- 
dicting how these molecules achieve their specific effects on different tissues. A 
SERM that has antiestrogenic effects on the breast but proestrogenic effects on the 
brain and bone would be ideal. Despite their imperfections, the current SERMS 
are very effective in their use in ER-positive breast cancer because they act as an- 
tagonists to the generally pro-proliferative effects of the ER in mammary epithe- 
lial cells. Tamoxifen, the first SERM to gain widespread clinical use and by far the 
best-studied SERM in clinical conditions, remains the gold standard SERM 
against which all others are compared. 

PHARMACOLOGY OF SERMS 

High-Dose Estrogens 

DES and other high-dose estrogens were first studied in the late 1970s. The mech- 
anism whereby achieving very high serum concentrations of estrogens 
inhibits breast cancer growth is not understood, but it may be related to effects 
that high-dose estrogens have on nuclear receptors other than ER-a and ER-p. 5 
The largest study compared DES with tamoxifen in 143 patients being treated for 
metastatic breast cancer. 6 The 20-year updated results of this trial were recently 
published and showed that DES (N = 74) and tamoxifen (N = 69) responses were 
approximately equal. The overall objective response was 42% for DES and 34% 
for tamoxifen (P = .31), and the median duration of response was 11.8 months for 
DES and 9.9 months for tamoxifen (P * .38). The median survival was 3.0 years 
for DES, versus 2.4 years for tamoxifen. Thus, duration of response and progres- 
sion-free survival were not found to be significantly different between DES and ta- 
moxifen. Despite equivalent responses and a favorable duration of response for 
DES, treatment with DES is more commonly associated with toxicities such as 
nausea, edema, vaginal bleeding, and cardiac problems. Therefore, tamoxifen cur- 
rendy remains the preferred SERM for the treatment of metastatic breast cancer. 

TRIPHENYLETHYLENE SERMS _ 

Tamoxifen 

Tamoxifen is a triphenylethylene that was developed more than 30 years ago as 
a breast cancer treatment. 7 In* addition to its anti-estrogenic effects in the breast, 
tamoxifen lowers cholesterol and increases bone mineral density in post- 



Selective Estrogen Receptor Modulators 



menopausal women. 8 The National Surgical Adjuvant Breast and Bowel Project 
(NSABP) P-l trial showed that tamoxifen was an effective preventive of breast 
cancer but that there are increased risks of endometrial cancer and thrombosis. 9 
Tamoxifen alters the shape of the ER on binding; depending on the cellular con- 
text, this change leads to the activation or the repression of ER target genes. Ta- 
moxifen's main mechanism of action in breast tissue is thought to be antagonism 
of several growth-promoting genes and the induction of a delay in the phase 
of the cell cycle in breast epithelial cells. 10 

' Tamoxifen acts as an estrogen antagonist in cells of the central nervous system 
and in the vaginal mucosa, resulting in potentially unpleasant side effects, in- 
cluding hot flashes and vaginal dryness and/or discharge. In addition, tamoxifen 
is associated with life-threatening complications, such as an increased incidence 
of blood clots and subsequent pulmonary emboli, presumably due to the pro- 
estrogenic effects of tamoxifen on the vascular endothelium. For example, the 
results of the NSABP P-l trial found that relatively healthy postmenopausal pa- 
tients receiving tamoxifen (N = 6681) versus placebo (N ■ 6707) experienced a 
significantly greater incidence of deep vein thromboses (N = 35 versus 22), pul- 
monary embolism (N = 18 versus 6), and stroke (N = 38 versus 24). An increased 
incidence of endometrial cancers and cataracts was also noted in the tamoxifen- 
treated patients. 

Perhaps the most frequently debilitating symptom exacerbated by tamoxifen's 
anti-estrogenic effects is frequent hot flashes that interrupt a patient's normal 
activities and sleep cycles. A recent phase III study using the antidepressant med- 
ication fluoxetine for the treatment of hot flashes in postmenopausal patients has 
shown an objective reduction in hot flashes. 11 This trial used a double-blind, ran- 
domized, two-period (4 weeks per period), cross-over methodology to study the 
efficacy of fluoxetine (20 mg/day) for treating hot flashes in women with a his- 
tory of breast cancer or a concern regarding the use of estrogen (because of breast 
cancer risk). Another randomized study of a popular treatment for hot flashes, 
soy, did not result in a significant difference in hot flashes, 12 even though statis- 
tically significant levels of genistein, the compound thought to be the active agent 
in soy milk, was found in the experimental group. Similar results had been noted 
in an earlier randomized trial of soy tablets versus placebo for the treatment of 
hot flashes in breast cancer survivors. 13 A randomized trial of black cohosh ver- 
sus placebo also failed to find a significant effect in alleviating hot flashes. 14 An 
ongoing Cancer and Leukemia Group B (CALGB) clinical trial is currendy eval- 
uating the role of isoflavones and soy in the prevention of hot flashes in women 
with a history of breast cancer who are receiving concurrent tamoxifen treatment. 

Toremlfene 

Toremifene is similar to tamoxifen in that the only structural difference is a sin- 
gle chlorine atom at position 4 (Fig. 10.2). The inability of toremifene to form 
DNA adducts in the rat liver may explain why it is not a hepatocarcinogen. 15 As 
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FIGURE 10.2 Chemical structures of estradiol, diethylstiibestrol (DES), and tamoxifen-like 
selective estrogen receptor modulators (SERMs). 



a first-line endocrine therapy for metastatic breast cancer, toremifene has been 
shown to have response rates that are very similar to those of tamoxifen, ranging 
from 21% to 38%, in five phase 111 trials comparing tamoxifen (20-40 mg) with 
toremifene (40-60 mg). 16 In all studies, toremifene has shown efficacy equivalent 
to that of tamoxifen for effective response rate, stable disease, time to progres- 
sion, and overall survival. A recent meta-analysis of 1421 patients from these tri- 
als confirmed the lack of difference between tamoxifen and toremifene response 
rates. Although these studies did not address the question of carcinogenicity 
from toremifene versus tamoxifen, a Finnish study (N = 899 patients evaluable 
for safety) assessing the efficacy and safety of toremifene versus tamoxifen in the 
adjuvant setting for 3 years has found no significant differences in the number of 
secondary cancers at a short follow-up of 3.4 years. 17 Slightly more vascular com- 
plications (deep vein thromboses, cerebrovascular events, and pulmonary 
embolisms) occurred in tamoxifen-treated patients (5.9%) than in toremifene-. 
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Seated patients (3.5%) (P = .11), whereas bone fractures and vaginal leukorrhea 
were slightly more common in the toremifene group. The International Breast 
Cancer Study Group is currently conducting two randomized adjuvant trials 
evaluating 5 years of toremifene therapy (60 mg/day) versus 5 years of tamox- 
ifen therapy (20 mg/day). Toremifene is approved for the treatment of metasta- 
tic breast cancer in the United States and in Europe, 

Droloxlfene 

Droloxifene is 3-hydroxytamoxifen; it has a higher relative binding affinity than 
tamoxifen for the ER. 18 However, an increased affinity of a SERM for either 
ER-a or ER-p does not necessarily determine its clinical efficacy. Data on drolox- 
ifene and other novel SERMs suggest that a SERM's efficacy is more likely to be 
determined by its specific effect on ER interactions and that specific cofactors 
regulate gene transcription. For droloxifene, initial phase VII studies suggested a 
15% response rate in patients who had previously failed to respond to tamoxifen, 
suggesting that droloxifene exhibits significant non-cross-resistance with tamox- 
ifen, In addition, an early phase II study of droloxifene as a first-line agent 
showed a response rate of 51% and a median time to progression of 8 months. 19 
However, because two randomized phase III studies comparing droloxifene to ta- 
moxifen showed less activity than tamoxifen in hormone-sensitive breast cancer, 
development of droloxifene has been dropped. 20 



Idoxlfene 

Idoxifene, like raloxifene, is structurally similar to tamoxifen and has an 
increased binding affinity for ER-a due to a pyrrolidine side chain with an iodine 
atom at the 4 position (Fig. 10.2). Pre-clinical experiments were encouraging be- 
cause idoxifene inhibited the MCF 7 cancer cell line xenograft growth in nude 
mice more than tamoxifen 21 while showing reduced uterine stimulation. 22 Un- 
fortunately, clinical trials have revealed an increased incidence of uterine prolapse 
and polyps in idoxifene-treated women, and no major difference in clinical effi- 
cacy has been found for idoxifene compared to tamoxifen. 23 Further develop- 
ment of this drug as a breast cancer treatment has therefore been dropped. 24 

SUMMARY OF TAMOXIFEN DERIVATIVES ; 

Although there has been intense interest in developing a tamoxifen-like deriva- 
tive with less uterine side effects and better efficacy in breast cancer, the ultimate 
outcome of these attempts has thus far been disappointing. For example, it does 
not appear that an individual SERM's relatively high affinity for the ER improves 
its efficacy as an anticancer drug; similarly, a reduced agonist profile in preclini- 
cal studies (e.g., less uterine proliferation in a rat uterotrophic model) does not 
necessarily predict a better safety profile in clinical studies. Conversely, the 
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knowledge that we have gained in the past few years about the structure of 
ER-oc and -p when they are bound to a SERM may allow the rational develop- 
ment of drugs that minimize the pro-proliferative action of the SERMs in the 
uterus and may maximize the pro-estrogenic effects in the brain and bone. 

FIXED-RING SERMS 

Raloxifene 

Raloxifene is a "fixed-ring" SERM that has a binding affinity for the ER similar 
to that of tamoxifen (Fig. 10.3). Preclinical studies with raloxifene showed an 
anti-estrogen effect on rat mammary tumor growth that is equal to that of ta- 
moxifen, but significantly less action as an estrogen in the uterus. However, clin- 
ical trials subsequently showed no activity in tamoxifen-resistant patients, 25 and 
a recent phase II clinical study of raloxifene in metastatic breast cancer showed 
only a 33% clinical benefit, compared with the 44% occurring with tamoxifen. 26 
Thus, raloxifene is not being considered as a treatment for existing breast carci- 
noma. Instead, it is being developed and marketed as a drug for osteoporosis, 
which, unlike estrogen, has less pro-estrogenic effects on the breast and uterus. 
In addition, raloxifene is currently being examined in a breast cancer chemopre- 
ventive trial called the Study of Tamoxifen and Raloxifene (STAR) trial. 

Arzoxifene (LY-353381) 

Arzoxifene is a benzothiophene analogue of raloxifene that has a more favorable 
therapeutic and safety profile than raloxifene in preclinical studies. Specifically, 
arzoxifene has exhibited more potent and beneficial effects on bone metabolism 
than raloxifene and has inhibited the growth of ER-positive breast cancer cells in 
vitro more potently that raloxifene. 27 Phase II data have revealed relatively low 
arzoxifene response rates for tamoxifen-resistant patients (10%), although there 
is a 30% response rate in hormone-sensitive patients and a 17% stable disease 
rate. 28 29 Based on these data, the use of arzoxifene, 20 mg/day, versus tamoxifen, 
20 mg/day, is currently being studied in a large multicenter European phase III 
clinical trial as a first-line therapy in metastatic breast cancer. 



EM-800 

EM-800 is a prodrug of the active benzopyrene derivative EM-652 (SCH 57068). 
EM-652 has an ER binding affinity that is significantly greater than that of 
tamoxifen or raloxifene. Preclinical studies showed strong antiproliferative effects 
of EM-800 compared with tamoxifen, and when it was administered to ovariec- 
tomized animals, EM-800 prevented bone loss and lowered serum cholesterol 
and triglyceride levels. 30 A phase II study of 43 women who had not responded 
to tamoxifen was encouraging and showed a 14% response rate and a 23% rate 
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FIGURE 10.3 Chemical structures of second- and third-generation selective estrogen 
receptor modulatory (SERMs). 



of stable disease. 31 However, a randomized phase III study in patients with 
tamoxifen-resistant breast cancer compared EM-800 with the third-generation AI 
anastrozole; this study has been halted because response rates with EM-800 were 
lower than those of anastrozole. 24 

ERA-923 

ERA-923 is a novel fixed-ring SERM that also has a favorable preclinical profile 
in comparison with tamoxifen and raloxifene. 32 Unlike tamoxifen, droloxifene, or 
raloxifene, ERA-923 is not uterotropic in immature rats or ovariectomized mice. 
A recent pharmacokinetic trial that evaluated the safety and tolerabihty of once- 
daily oral ERA-923 (10-200 mg) versus placebo found that subjects taking ERA- 
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923 had no uterine or ovarian changes, as indicated by transvaginal ultrasound 
after 28 days of therapy 33 ERA-923 is currently being evaluated in phase 11 trials 
in tamoxifen-resistant breast cancer and as a first-line treatment in ER-positive 
patients with metastatic breast cancer. 34 

STEROIDAL SERMS ("PURE ANTAGONIST" ) 

Fulvestrant (Faslodex, formerly ICI 182, 780) 

Fulvestrant is a derivative of estradiol with a long hydrophobic side chain (Fig. 
10.3) and is completely able to block transactivation by the ER. Because of the 
long bulky side chain at the 7a positions, receptor dimerization appears to be 
sterically hindered. This drug also appears to induce the degradation of the ER, 
depleting it from cellular extracts. Furthermore, fulvestrant decreases the num- 
ber of ER molecules in the nucleus and thus is oftern referred to as an ER "down- 
regulator." The 1 overall result is that the fulvestrant can block tamoxifen and 
estrogen induction of several common genes. A benefit to fulvestrant is that it is 
anti-estrogenic in both the breast and the uterus, presumably because instead of 
causing a conformational change in the ER, fulvestrant initiates the degradation 
of the ER. The mechanism by which fulvestrant causes the increased degradation 
is not well understood, but it may be related to the known susceptibility of the 
ER to ubiquitin-mediated degradation by the proteasome. Degradation may be 
accelerated on fulvestrant binding because fulvestrant may effect the folding of 
the ER; misfolded proteins are often targeted for degradation. The end result ap- 
pears to be a complete suppression of all ER-activated genes. 

Fulvestrant is not available as an oral formulation but instead as a long-acting 
monthly intramuscular injection. Early phase I and II trials suggested that unlike 
other SERMs, fulvestrant is active in tamoxifen-resistant disease. For example, a 
small trial of 19 patients with hormone-refractory disease showed that 13 pa- 
tients had a clinical benefit with a median duration of 25 months, and two 
demonstrated a partial response and six achieved stable disease. 35 Furthermore, 
comparison with an historical control group of patients receiving megestrol 
acetate (Megace) suggested a longer duration of response with fulvestrant (26 
versus 14 months, P = .04). 36 Two multicenter phase III studies have suggested 
that fulvestrant is at least as effective as the AI anastrozole in time to disease pro- 
gression in women with metastatic disease progression who were receiving or 
had received endocrine therapy 37 * 38 Fulvestrant was approved in the United 
States for metastatic breast cancer in 2002. 

SERMS IN BREAST CANCER PREVENTION AND TREATMENT 
Prevention Studies 

Tamoxifen The first three major chemoprevention trials examining tamoxifen 
were performed in Britain (Marsden Hospital Trial), Italy (Italian Tamoxifen Pre- 
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vention Study), and the United States (NSABP Breast Cancer Prevention Trial). 
Although the Marsden Hospital 39 and the Italian trials 40 do not show a difference 
between breast cancer prevention in the placebo and tamoxifen arms, the United 
States trial does. However, several important differences between the trials may 
help explain their different outcomes. 

The British trial was originally designed as a feasibility study to determine the 
tolerability of tamoxifen in healthy women with a family history of breast cancer. 
Thus, the trial was relatively small, involving 2494 women of a median age of 47 . 
who received tamoxifen or placebo for up to 8 years. Only 34% of the women 
were postmenopausal, and these women were allowed the use of estrogen 
replacement therapy. Estrogen replacement therapy was used during 13% of the 
tamoxifen medication period. Mean follow-up time in the study was 70 months, 
and the overall frequency of breast cancers was equivalent. 

The Italian trial included healthy hysterectomized women aged 35-70 years 
and enrolled a total of 5408 women (2708 placebo and 2700 tamoxifen treated). 
The preliminary study suggests that there was no difference in the incidence of 
breast cancer between the placebo (22 cases) and the tamoxifen (19 cases) arm. 41 
In the 390 women (14%) receiving placebo and receiving hormone-replacement 
therapy (HRT), eight cases of breast cancer occurred, suggesting that the use of 
HRT increased the risk of breast cancer. A recent follow-up showed that HRT 
users who were randomly assigned to tamoxifen therapy had a rate of breast can- 
cer that was close to that of those who had never received tamoxifen, suggesting 
a benefit for tamoxifen in HRT users but not in hysterectomized women. 41 

The largest trial to date, performed in the United States by the NSABP, showed 
that tamoxifen reduces the incidence of ipsilateral and contralateral breast can- 
cer by approximately 50%. A total of 13,388 women participated in this trial. 
Eligibility requirements included women >35 years of age at high risk for devel- 
oping breast cancer, women > 60 years of age without additional risk factors 
other than age, and women with a history of lobular carcinoma in situ. No es- 
trogen replacement therapy was permitted. An interim analysis was published in 
1998 after a median follow-up of 54.6 months and showed that the tamoxifen- 
treated group had 86 fewer breast cancers than the placebo group. The data mon- 
itoring committee considered that the highly significant reduction in early 
incidence of breast cancer at the time of this analysis justified the termination of 
the trial. The greatest levels of benefit were seen in women with lobular carci- 
noma in situ (relative risk = 0.44) and atypical ductal hyperplasia (relative risk = 
0.14), most of whom were premenopausal. The rate of endometrial cancer was 
increased in the tamoxifen group (risk ratio = 2.53; 95% confidence interval = 
1.35-4.97); this increased risk occurred predominantly in women aged 50 years 
or older. All uterine cancers in the tamoxifen group were stage 1 (localized dis- 
ease), and no endometrial cancer deaths had occurred in this group at the time 
of analysis in 1998. The rates of stroke, pulmonary embolism, and deep-vein 
thrombosis were also elevated in the tamoxifen treatment group; these events 
also occurred more frequently in women aged 50 years or older. A recent risk- 
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benefit analysis of this trial concluded that given the side effect profile and char- 
acteristics of the subgroup that benefited most in terms of risk reduction, ta- 
moxifen is most beneficial for youhger women who have an elevated risk of 
breast cancer. 42 

In a more recent study the International Breast Cancer Intervention Study 
randomized over 7144 women to receive tamoxifen or placebo. 43 Women en- 
rolled had to have an overall increase in risk of two- to threefold based on fam- 
ily history and other risk factors. After a median follow-up of 50 months, 69 
breast cancers had been diagnosed in 3578 women in the tamoxifen group and 
101 in 3566 in the placebo group (a risk reduction of 32% [95% confidence in- 
terval 8-50]; P = .013). In this trial, age, degree of risk, and use of hormone- 
replacement therapy did not affect the reduction. Endometrial cancer was not 
significantly increased, but thromboembolic events were significantly increased, 
compared with tamoxifen (particularly after surgery). 

In summary, the overall evidence generated by recent prevention trials 
appears to support a reduction in the incidence of breast cancer in women who 
are at increased risk, but whether this benefit outweighs the risks and side effects 
associated with tamoxifen use remains uncertain. Continued follow-up analysis 
of the ongoing placebo-controlled studies (Marsden, Italian, International Breast 
Cancer Intervention Study) will allow further analysis of the long-term risks and 
benefits of tamoxifen in the prevention setting. 

Raloxifene Raloxifene is a SERM that was originally developed as a treatment to 
prevent osteoporosis, but analysis of treatment has suggested a preventive role in 
breast cancer treatment. In a large North American trial examining the effect of 
raloxifene on postmenopausal women with osteoporosis as a major endpoint, 44 
postmenopausal women with osteoporosis (N = 7705) were enrolled in the Mul- 
tiple Outcomes of Raloxifene Evaluation (MORE) trial and were randomly as- 
signed to receive placebo, raloxifene at 60 mg/day, or raloxifene at 120 mg/day for 
4 years. Breast cancer risk was analyzed by the following baseline characteristics 
indicative of estrogen exposure: previous hormone replacement therapy, preva- 
lent vertebral fractures, estradiol level, bone mineral density, body mass index, 
and age at menopause. The trial was originally designed with a primary endpoint 
to measure bone fractures, and the conclusions on the secondary endpoint of ex- 
amining breast cancer incidence are less powered. At the relatively early follow- 
up of 3 years, the MORE study results are consistent with the NSABP P-l trial, 
showing a significant decrease in th j incidence of ductal carcinoma in situ and in- 
vasive breast cancer in patients taking tamoxifen. In addition, both studies show 
a reduction in fracture incidence, an increase in thromboembolic events, and a 
slight increase in stroke. Neither the NSABP P-l study nor the raloxifene study 
showed an impact on cardiovascular mortality in this group of women. 

A recent update of the analysis of the MORE trial shows that raloxifene sig- 
nificantly reduces breast cancer risk in both the low-estrogen and the high- 
estrogen subgroups for all risk factors examined. For example, women with the 
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highest body mass index and those with a family history of breast cancer experi- 
enced a significantly greater therapy benefit with raloxifene, compared with the 
two thirds of patients with a lower body mass index or those without a family 
history respectively 45 These findings imply that increased risk imposed by 
excessive body fat (presumably due to greater fat-generated estrogen levels) or 
family history result in a greater benefit from SERM treatment. 

In the ongoing STAR trial, raloxifene is being directly compared with tamox- 
ifen. In this study high-risk postmenopausal women are randomly assigned to 
either tamoxifen (20 mg/day) or raloxifene (60 mg/day) for 5 years. Results 
should be available in 2005. The STAR trial should provide a definitive answer 
about the benefits and side effect profile of these two agents. Ongoing molecular 
biology projects designed to derive the crystal structure of tamoxifen and ralox- 
ifene bound to the ER with peptide structures of cofactors will also shed light on 
how these drugs can act as mixed agonists and antagonists in various tissues. 

In summary one of the major preventive effects of both tamoxifen and ralox- 
ifene is that both of them reduce the incidence of in situ and invasive carcinomas 
in women who are at relatively high risk for breast cancer. The effects of SERMs 
appear to be only on ER-positive cells, consistent with the initial findings of a 
reduction in ER-positive breast cancers and not ER-negative cancers. Further ef- 
forts are needed to develop agents that may act as chemoprevention for ER- 
negative breast cancers. 

Adjuvant Treatment of Early Breast Cancer (Ductal Carcinoma In Situ 
and Invasive Cancers) 

The NSABP B-24 involved 1804 women and tested the hypothesis that in ductal 
carcinoma in situ patients with or without positive tumor specimen margins, 
lumpectomy; radiation therapy, and tamoxifen would be more effective than 
lumpectomy, radiation therapy, and placebo in preventing invasive and noninva- 
sive ipsilateral breast tumor recurrences, contralateral breast tumors, and tumors 
at metastatic sites. This study demonstrated that the administration of tamoxifen 
after lumpectomy and radiation therapy results in a significant decrease in the 
rate of all breast cancer events, particularly in invasive cancer. 46 The Early Breast 
Cancer Trialists Collaborative examined information on 37,000 women in 55 tri- 
als comprising about 87% of the worldwide evidence. 41 For trials of tamoxifen 
treatment for 1, 2, and 5 years of adjuvant tamoxifen, the proportional recur- 
rence reductions produced among these 30,000 women during 10 years of 
follow-up were 21%, 29%, and 47% respectively with a highly significant trend 
toward greater effect with longer treatment. The corresponding proportional 
mortality reductions were 12%, 17%, and 26%, respectively, and again the test 
for trend was significant. The benefits appear to be largely irrespective of 
age, menopausal status, and tamoxifen dose (generally 20 mg/day) and to be 
unrelated to whether chemotherapy is given. The incidence of endometrial can- 
cer approximately doubled in trials of 1 or 2 years of tamoxifen therapy and 
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approximately quadrupled in trials of 5 years of tamoxifen therapy. Tamoxifen 
had no apparent effect on the incidence of colorectal cancer or, after exclusion of 
deaths from breast or endometrial cancer, on any of the other main categories of 
cause of death. Thus, the overall conclusions of this updated overview are that 
some years of tamoxifen treatment substantially improve the 10-year survival of 
both pre- and postmenopausal women with ER-positive tumors. 

Recently, a large randomized trial compared the use of the third-generation Al 
anastrozole (Arimidex) to tamoxifen in the adjuvant setting. 47 The ATAC (Anm- 
idex, Tamoxifen Alone or in Combination) trial was activated in 1996 and closed 
in 1999 with 9366 postmenopausal breast cancer patients. Postmenopausal 
patients with invasive operable breast cancer who had completed primary ther- 
apy and were eligible to receive adjuvant hormone therapy were randomly 
assigned to receive anastrozole, tamoxifen, or combination therapy. Median fol- 
low-up was 33.3 months, and 7839 (84%) patients were known to be hormone 
receptor-positive. Disease-free survival at 3 years was 89.4% in patients taking 
anastrozole and 87.4% in those taking tamoxifen, whereas results with the com- 
bination were not significantly different from those with tamoxifen alone. The 
improvement in disease-free survival with anastrozole occurred in the subgroup 
of hormone receptor-positive patients, but not the receptor-negative patients. 
The incidence of contralateral breast cancer was significantly lower with anastro- 
zole than with tamoxifen (odds ratio, 0.42 10.22-0.79], P = .007). Anastrozole 
caused significantly less endometrial cancer, vaginal bleeding and discharge, 
cerebrovascular events, venous thromboembolic events, and hot flashes than 
tamoxifen. However, tamoxifen caused significantly fewer musculoskeletal disor- 
ders and fractures than anastrozole. Because the follow-up time is relatively 
short, the American Society of Clinical Oncologists has recommended that no 
change be made in the current recommendations for the use of adjuvant tamox- 
ifen unless tamoxifen use is contraindicated (e.g., in a patient with a history of 
thromboembolic events)." 8 The American Society of Clinical Oncologists panel 
states that they were influenced by the "compelling, extensive, and long-term 
data available on tamoxifen." Overall, the panel considered the results of the 
ATAC trial and the extensive supporting data to be very promising but insuffi- 
cient to change the standard practice from adjuvant treatment with tamoxifen to 
adjuvant anastrozole. However, in September 2002, the United States Food and 
Drug Administration approved a supplemental new drug application for anas- 
trozole for the adjuvant treatment of hormone receptor-positive early breast can- 
cer in postmenopausal women. 

Metastatic Disease 

Three SERMs are approved for the treatment of metastatic breast cancer in the 
United States: tamoxifen, toremifene, and fulvestrant. Overall, approximately 
30% of women treated with these drugs respond to therapy. Interestingly, this 
benefit applies to both postmenopausal women and premenopausal women with 
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ER-positive breast cancers. The additional treatment of premenopausal women 
with ovarian suppression (ovariectomy or luteinizing hormone-releasing hor- 
mone agonists) and tamoxifen conferred an advantage over treatment with ta- 
moxifen alone in a meta-analysis of four randomized trials. 49 With a median 
follow-up of 6.8 years, there was a significant survival benefit and progression- 
free survival benefit in favor of the combined treatment. The overall response rate 
was also significantly higher on combined endocrine treatment (stratified Man- 
tel-Haenszel test, P = 0.03; odds ratio, 0.67). 



Tamoxifen The largest trial to evaluate tamoxifen in advanced breast cancer 
was conducted by the Australian New Zealand Breast Cancer Trials Group and 
was begun in 1978. This trial randomly assigned 339 patients to tamoxifen 
alone, chemotherapy with doxorubicin (50 mg/m 2 intravenously) and 
cyclophosphamide (750 mg/m 2 intravenously) x six 21-day cycles, or tamoxifen 
plus chemotherapy. 50 The response rate (complete and partial) for tamoxifen was 
22.1%, for chemotherapy alone was 45.1%, and for tamoxifen plus chemother- 
apy was 51.3%. Despite the differences in response rates, median survival rates 
were not significantly different (P = 0.49). 

More recently, the development of AIs has led to comparison of tamoxifen 
with these agents for treatment of metastatic breast cancer in postmenopausal 
women. Three clinical trials have already compared tamoxifen with second- 
generation triazole AIs in large randomized trials. 'A fourth trial is ongoing, com- 
paring tamoxifen with the steroidal third-generation Al exemestane, a compound 
that is able to inactivate aromatase completely. 

In the first trial, the International Letrozole Study Group trial compared tamox- 
ifen with letrozole in 907 postmenopausal women with advanced breast cancer. 51 
The patients had to have ER-positive, PR-positive or ER/PR-unknown tumors to be 
eligible. Patients may have undergone a single prior endocrine therapy for ad- 
vanced disease. The overall response rate was (30% versus 20% P = 0.0006) in 
favor of letrozole. Letrozole also had a superior median time to progression (41 
weeks versus 26 weeks, P = 0.0001). No survival data have been reported. 

Two additional large randomized trials have compared tamoxifen, 20 mg 
daily, with anastrozole, 1 mg daily for the treatment of metastatic breast cancer. 
One trial was conducted in Europe, Australia, New Zealand, South America, and 
South Africa (Tamoxifen or Arimidex Randomized Group Efficacy and Tolefabil- 
ity [TARGETl trial) and the other in the United States and Canada (the North 
American trial). The international TARGET study randomly assigned 688 post- 
menopausal women with metastatic breast cancer who were hormone recep- 
tor-positive or whose receptor status was unknown. 52 Patients who had 
undergone previous adjuvant tamoxifen therapy were permitted to enter the trial 
if the therapy had been stopped at least 12 months earlier; however, no previous 
hormone therapy for metastatic disease was allowed. Objective response rates 
were similar: 32.9% for anastrozole and 32.6% for tamoxifen. Clinical benefit 
rates (complete response + partial response stabilization rates of greater than 24 
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weeks) were equivalent. Median times to progression were also similar: 8.3 
months for tamoxifen and 8.2 months for anastrozole. 

The second large randomized trial (the North American Trial) comparing the 
two drugs also showed equivalent results, except that anastrozole had a greater 
clinical benefit (59% versus 46%). 37 Anastrozole also had a longer median time 
to progression (11.1 vs 5.6 months, P = .005). Overall, both treatments were well 
tolerated; however, thromboembolic events (4.1% vs 8.2%) and vaginal bleeding 
(1.2% vs 3.8%) were reported in fewer patients in the anastrozole group than in 
the tamoxifen group. Of the 119 patients on this trial whose disease progressed 
after initial anastrozole therapy and received subsequent tamoxifen, 38 achieved 
disease stabilization for 24 weeks or more. These data suggest that 
tamoxifen may be successful after Al treatment, although additional studies need 
to be performed to address the question of optimal sequencing of hormone ther- 
apy in advanced disease. 



Neoadjuvant Treatment 

Neoadjuvant hormone therapy has recently gathered much support because of 
the publication of a well-designed, multi-institutional trial comparing tamoxifen 
with the Al letrozole. 53 The Letrozole 024 Neoadjuvant Trial involved 337 post- 
menopausal women in 55 centers who had ER- or PR-positive locally advanced 
breast cancer. Patients were randomly assigned to receive letrozole, 2.5 mg/day, 
or tamoxifen, 30 mg/day, in a double-blinded study. Letrozole responses 
occurred in 55% of patients, compared with only 36% of patients taking tamox- 
ifen (P < .001). In addition, more patients underwent breast-conserving surgery 
after treatment with letrozole (45%) compared with tamoxifen (35%). Tumor 
specimens were banked prospectively in this trial and were used to determine 
whether ErbBl (epidermal growth factor receptor) and ErbB2 (HER2/Neu) ex- 
pression affected the efficacy of tamoxifen treatment. 54 The frequency of tumors 
expressing ErbBl or ErbB2 as well as ER was 15.2%, and letrozole was indeed 
much more effective than tamoxifen in this subset of tumors (88% vs 21%), P = 
0.0004). 55 These data suggest that increased epidermal growth factor receptor 
expression may be one mechanism whereby ER-positive breast cancers become 
resistant to SERM activity. 56 

FUTURE DIRECTIONS IN SERT THERAPY 

Although several novel SERMs have gone through preclinical and clinical test- 
ing in the past decade, most of these compounds have been found to be 
non-cross-resistant with tamoxifen and therefore have hot been added to the 
treatment choices for ER-positive breast cancer. The predicted three-dimensional 
structure of the ligand-binding domain of the ER suggests that the non- 
cross-resistance of some SERMs (e.g., fulvestrant and possibly arzoxifene) is 
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probably due to functional differences in the ER conformation that results fol- 
lowing SERM binding. These three-dimensional effects alter the ER's interaction 
with corepressors and coactivators, resulting in changes in gene expression that 
vary significantly between individual SERMs. The AIs also appear to have signif- 
icant non-cross-resistance with tamoxifen and may be superior to tamoxifen for 
the first-line treatment of advanced disease in postmenopausal women. As the re- 
sults of the ATAC trial mature, the AIs may also become the treatment of choice 
for adjuvant therapy for postmenopausal women. 

In premenopausal women, the question of whether ovarian suppression with 
AI treatment or ovarian suppression with or without tamoxifen is the better treat- 
ment for metastatic breast cancer is still under study. In the near future, an 
international trial will address the question of adjuvant therapy with ovarian sup- 
pression with or without AI or tamoxifen in premenopausal women (G. Fleming, 
personal communication, 2002). The International Breast Cancer Study Group's 
Suppression of Ovarian Function Trial will randomly assign 3000 patients to 
treatment with tamoxifen alone for 5 years, tamoxifen with ovarian suppression 
(gonadotropin-releasing hormone analogue, radiotherapeutic ablation, or surgi- 
cal oophorectomy), or exemestane with ovarian suppression. The answers to 
these important adjuvant therapy questions are likely to lead to improved en- 
docrine therapy for premenopausal women in the neoadjuvant and metastatic 
settings as well. In the prevention setting, the benefits of current SERMs to par- 
ticular subgroups of women who are at increased risk for breast cancer will con- 
tinue to be studied carefully so that the appropriate high-risk patients can be 
identified for prevention strategies. In addition, the benefits of novel SERMs that 
have fewer detrimental side effects (e.g., less agonist activity in the endometrium) 
will continue to be evaluated in prevention trials, such as the STAR and MORE 
studies. Finally the combined use of SERMs with other prevention strategies, 
such as cyclooxygenase inhibitors and retinoids, is likely to be implemented as 
new information that is relevant to the control of breast cancer is translated from 
the laboratory to the clinic. 57 
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Introduction 

Steroid hormones act via their interaction with 
intracellular receptors that belong to a genera! class 
of regulatory proteins, the Steroid-receptor super- 
family'. This class includes the five 'classical' steroid 
receptors: oestrogen (ER), androgen (AR), proges- 
tin (PR), glucocorticoid (GR) and mineralocorticoid 
(MR) receptors as well as the receptors for thyroid 
hormone, vitamin D3, retinoic acid, and a number 
of 'orphan receptors' the ligands of which are not 
yet known. 

Cloning and sequence determination of these 
receptors demonstrated that the common overall 
structure consists of essentially three domains: the 
variable W-terminal domain, the central DNA-bind- 
ing domain and the C-terminal ligand-binding 
domain (LBD). Close examination of the compared 
sequences of the LBDs of the five 'classical' steroid- 
hormone receptors, confirmed what researchers in 
the steroid field have empirically known for many 
years: there is a high degree of sequence similarity 
between the LBDs of GR, MR, PR and AR, the 
receptors of the 3-oxo-A"' steroids, which are quite 
different from the LBD of the ER whose natural 
ligand, oestradiol, has an aromatic A ring (see fl | 
for an overview). 

These similarities are even more striking if, 
instead of considering the straightforward amino 
acid to amino acid identity, one compares the 
sequences by hydrophobic-cluster analysis [2], a 
technique which has recently permitted the elabora- 
tion of a tentative three dimensional structure of the 

Abbreviations used: KR, oestrogen receptor; AH, 
androgen receptor; PR, progestin receptor; GR. gluco- 
corticoid receptor; MR, mineralocorticoid receptor; LBD, 
ligand-binding domain; RBA. relative binding affinity. 



steroid receptors [3]. However, for many years and 
up to the present time, we have had to rely solely on 
structural modification of the hormonal steroids to 
gain some indirect information on the topography 
of the receptor binding site: this crude technique is 
called 'mapping'. It was made possible only through 
the availability of receptor screening, which consists 
of measuring the binding affinities of various com- 
pounds for the steroid receptors. In the decade fol- 
lowing the discovery of steroid-hormone receptors 
[4-6 for reviews] a simple screening procedure was 
set up in the Roussel-Uclaf company by J. P. Ray- 
naud and coworkers, which allowed the comparison 
of the relative binding affinities (RBAs) of a large 
number of steroids with those of reference com- 
pounds [7]. It quickly became obvious that neither 
the natural hormones, nor the synthetic reference 
compounds were perfectly specific for their cognate ' 
receptor. While oestradiol bound to a small extent 
to the PR (2% of progesterone) and the AR (8% of 
testosterone) in addition to it own ER (100%), none 
of the 3-oxo A -4 steroids had any affinity for the 
ER. 

Among the latter compounds progesterone 
appeared as having a significant affinity already for 
the GR, provided a receptor preparation of thymic 
origin was used. Indeed, liver preparations contain 
enzymes which metabolize the ligand very quickly, 
even at 4°C, giving a false impression of selectivity. 
Among synthetic hormones, R 1881 especially, an 
androgen of the oestra-4,9,1 1-triene series, dis- 
played a remarkably unspecific binding profile [7]. 
These first results already indicate that most recep- 
tors, especially AR, PR, GR and MR share common 
features which allow them to bind some ligands 
quite unspecifically. This suggests that the steroid 
receptors may present a common gross shape of 
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the binding site, with probably different three 
dimensional repetition of a few key amino acids 
which are responsible for the specificity observed 
with some compounds. Our goal, in the present 
paper, is to present a few of the less well known 
steroidal ligands for the PR and GR. The analyses 
of these structures, when attempted, are essentially 
speculative and intended as thought-provoking 
propositions, as well as an incentive for proper 
experimental verification. 

General remarks about RBAs 

Knowledge of the RBA of a compound for various 
receptors is undoubtedly useful information. How- 
ever, a series of possible pitfalls associated with the 
RBA measurements should be kept in mind: (1) 
RBAs are not representative of the true equilibrium 
constants, but are expressed as relative affinity ver- 
sus a reference compound whose true affinity can 
vary by one order of magnitude or more. Indeed, 
RBAs of reference compounds are taken arbitrarily 
as equal to 100%, independently of their K A . (2) It 
has also been shown that RBAs can differ markedly 
depending on time of incubation, or on temperature 
[8]. In addition, determinations are generally not 
made at the physiological temperature. (3) One fur- 
ther problem is the heterogeneity of enzymic 
activity and of binding proteins in the tissues that 
are used for receptor preparations. This is quite 
striking for the GR, depending on whether it was 
isolated from liver or thymus, the former tissue 
being very rich in metabolizing enzymes. Thus, 
progesterone, which does not display any GR bind- 

Table I 

RBAs for liver, versus thymus GR in the rat 

Abbreviation: DOC. deoxycorticosterone 



Compound 


Incubation 
time (h) 


Thymus 


Liver 


Progesterone 


4 


42 ±3.5 


0.24 ±0.09 




24 


I7±2 


<0.l 


Cortisol 


4 


3I.5±5 


34 ± 6 




24 


I3± 1.4 


5±2 


Corticosterone 


4 


60±S 


I7±2 




24 


31 ± 1 


0.4 ± 0. 1 7 


DOC 


4 


50 + 7 


0.5 ±0.1 




24 


26±3 


0.08 ±0.04 


Desoximetasone 


4 


207 ±30 


I48±7 




24 


2I7.± 28 


163 ±9 



ing affinity when tested on the rat liver receptor, 
competes as well as Cortisol on the rat thymus 
receptor (Table 1). (4) Species variability should not 
be overlooked either. This is especially important 
for synthetic compounds, as demonstrated very 
strikingly by the absence of binding of the anti- 
progestin RU 486 for the chicken |9, 10] and 
hamster 1 1 1, 12] progesterone receptors. (5) Finally, 
when comparing RBAs of a compound for the PR 
and the GR, we implicitly assume that the competi- 
tion occurs at the true binding site and not - at a 
secondary (allosterier) binding site, which has 
repeatedly been suggested for the GR 1 1 3-16|. 

Structure-affinity relationship 

Table 2 lists a number of known as well as yet 
unpublished steroids, which have been chosen to 
. illustrate some specific aspects of structure-affinity 
relationships on the PR and the GR. 

/ /0 and 1 7a hydroxy/ groups 

When looking at the structures of progesterone and 
the main natural glucocorticoids (Cortisol in 
humans, corticosterone in rats), things appear quite 
straightforward: while all three of the compounds 
belong to the 4-pregnane-3,20-dione series, proges- 
terone is not hydroxylated, Cortisol can be con- 
sidered as 110,17a,21-trihydroxyprogesterone, and 
corticosterone as 1 1 #2 1 -dihydroxyprogesterone. 
These additional hydroxyls were thought to provide 
the specificity for the GR until it was found that, 
when switching from the liver GR preparation to a 
thymus GR preparation, progesterone appeared to 
be as good a ligand as Cortisol (Table 1). This 
behaviour still awaits a satisfactory explanation 
since progesterone does not display any glucocorti- 
coid activity but rather acts as a weak antagonist 
[17]. 

Comparing Cortisol and corticosterone, it has 
been known for a long time that while the 17a 
hydroxy group is not necessary for GR binding, it is 
nevertheless very efficient in suppressing PR bind- 
ing. 

The 110 hydroxy group, also reduces to some 
extent PR binding and, as stated above, is still 
generally considered as the prerequisite for GR 
binding However, the synthesis of some 9a, 1 10- 
dichloro analogues like dichlorisone [18] or RU 
24476 (No. 6, Table 2) [19] showed that substitu- 
tion of the hydroxy! by a chlorine leads to high 
affinity for both the GR and the PR. It should be 
stressed that this type of compound, unlike proges- 
terone, displays a potent glucocorticoid-like activity 
in vivo. This result disturbs somewhat the well 
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RBAs for GR* and PR** 



Abbreviation used: n.a., not available 



Structure 







Entry 


Designation 


Substituents 


GR* 


PR** 


1 


Progesterone 


X = Y = H 


17 


100 


2 


1 1 -OH nrnopct 




7 


28 


3 


Corticostpronp 


v — Y = OH 


-5 | 

Jl . 


3 


4 


DOC 


X — H Y = ON 




17 


5 


RU 18723 


X = OMe, Y = 0 


6 


7.5 


6 


RU 24476 




210 


90 


7 


R 1 132 


X = H 


0 7 


i . i 


8 


RU 28418 


X = OH 


1 ft 

1 .0 


A "5 
UJ 


9 


RU 25994 




245 


120 


10 


R200 


X = H 


5 ' 


3 


1 1 


RU 25458 


X = Me 


68 


O.i 


12 


RU 26275 


X = Et 


73 


1 7 


13 


RU 26356 


X = Ph 




L \ 
O.J 


14 


RU 28362 






f 7 
1 ./ 


15 


RU 26988 


X= l-propynyl 


130 




16 


RU 27728 


X = 2-propynyl 


3 


o 


17 


RU 27599 


X = a!lyl 


9 


o 


18 


Ttpredane 


X = She. Y = SEt 


-75§ 


n.a. 


19 


• SQ 28223 


X-SMe. Y = SCH 2 CH 3 F 


> I00§ 


n a 


20 


RU 38486 


X = 4-Me 2 N-C 6 H 4 


. 300 


530 


21 


RU 38502 


X = tBu 


50 


\j.t 


22 


RU 38275 


X = Me 






23 


RU 40540 


X = Et 


AD 


11 


24 


RU 42764 


X = vinyl 




J50 


25 


RU 39229 


X = p-CHr-CK 


i in 


jUU 


26 


RU 40900 


X = 4Mf»-nirv»ra7inn-f~ l-l 
✓\ ii ic pipe i aid iu*\— ^n^ 


QC 
OD 


25 


27 


RU 43780 


s\ ~ \pi ici lyieinynyi^^n^ 


r 

- D 


1 1 


28 


R 2263 


X = OH 


0.1 


O.f 


29 


RU 38473 


X = OH Y = ethynyl 


235 


350 


30 


■ RU 40016 


X = ethynyl, Y = OH 


120 


4 


31 


RU 39305 


X = Ph 


57 


<0.l 


32 


RU 43044 


X = 4-Me-C b H, 


130 


<0.2 


33 


RU 43195 


X = ethynyl 


240 


17 


34 


RU 43230 


X = vinyl 


90 


II 


35 


RU 43274 


X = i-propenyl 


110 


0.1 


36 


RU 45667 


X = H 


15 


13 


37 


RU 45526 


X = he 


26 


14 
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Table 2 - continued 



Structure 



Entry 



Designation 



Substituents 



GR* 






38 

39 
40 
41 

42 
43 

44 
45 



46 
47 



48 



49 



SO 
51 
52 



RU 44425 

RU 56841 
RU 56843 
RU 56839 

RU 4 1 29 1 
RU 4 1 685 : 

RU 27144 
RU 40336 



RU 40088 
RU 44675 



ZK 98299 



RU 50331 



RU 4578! 
RU 50502 
RU 49295 



T,R: Rat thvmus. 2-1 h. 0°C < Dex.nmethasone = 1 001 
- ; PR: Rabbit uterus. 24 h. OX. i Progesterone - 1 00). 
§£sumated from reported IC valuer. |24|. 



R', = Me, = H 
R,=R 3 =H 

R = H 
R = Me 



X = Me 
. X = OAc 



X = NMe ? . n = 2 
X = NMe 3 . n= 1 
X = Ac n = 2 



100 
105 
120 

220 
24 

134 



17 



27 
135 



40 



80 



50 
40 
25 



PR* 



260 
10 
95 

130 



<OI 



230 
500 



35 



275 



310 
410 

520 



accepted idea of the necessity of a hydrogen-bond 
donor [ 20] at position 1 )ft of the steroid. One pos- 
sibility could be that both ll-OH and 11 -CI act as 
hvdrogen-bond acceptors, but this hypothesis is not 
suitable for explaining the binding of progesterone. 
In anv case, we cheeked the KB As of the 11-oxo 
compounds 7 and S (Table 2). with the hope that 
the oxygen could act as an acceptor. The low affini- 
ties found are certainly not in favour of this hypo- 
thesis. We may now speculate that the binding site 
for the 1 1/3-substiuiem is essentially hydrophobic, 
but that in the case of the hydrophilic 1 1 ^-hydroxy 
group it "is a hydrogen bond which provides the 
necessary binding energy. 



D-ring substitution 

The fact that the 20-oxo-21 -hydroxypregnane 
structure of classical corticoids is not an absolute 
necessity for a high affinity for the GR can be 
deduced from compounds such as the 170 car- 
boxylic ester Rl.< 25W4 (No. <). Table 2). However, 
this does maintain an equivalent to the 20-oxo 
group. A more radical structural change is repre- 
sented bv the 17a-alkynylandrosterone series 
(compounds 10 to 13. Table. 2). Indeed, the 17a- 
propvnyl-1 7/Miydroxy substitution pattern was 
found to mimic the classical corticoid side-chain 
|21|. Compounds like RU 28362 (compound 14. 
Table 2) display a high RHA for the GR along with 
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very low affinity for both the PR and the MR So far, 
there have been no serious attempts to find an 
explanation for this surprising observation. 

Most unexpectedly, displacement of the triple 
bond by one carbon (16, Table 2) totally abolished 
GR binding and replacement of propynyl by allyl 
(17, Table 2) had the same effect. On the contrary, 
long alkynyl groups were not deleterious for bind- 
ing provided that the triple bond remained at the 
same place. This could either indicate a specific 
H-bond with the acetylenic orbitals [22] or a purely 
steric effect. 

Androstene-17-thioketals (18 and 19, Table 2) 
have been reported by the Squibb group to display 
very high affinities for the GR (rat liver and mouse 
thymus), confirming that the classical dihydroxy- 
acetone side-chain is not necessary for binding to 
the GR [23, 24]. These results taken as a whole sug- 
gest that the binding site around the D ring of 
glucocorticoids is hydrophobic in nature, and that 
there might exist two alternate binding interactions: 
(a) one of the 'classical glucocorticoids 1 involving 
specific hydrogen bonds, and (b) one rather non- 
specific, involving hydrophobic interactions. 

/ 1/3 -substituted 19-norsteroids 

Although it was known for a long time that some 
19-norsteroids could display significant affinities for 
the GR especially in the trienone series [7, 25], the 
great novelty arose from the synthesis of ll/?-alkyl 
and aryl oestradienones [26]. Some of these com- 
pounds not only bound tightly to the PR but also to 
the GR, leading ultimately to the design of RU 
38486 (20, Table 2), both a potent anti-progestin 
and anti-glucocorticoid [27-30]. Beside the interest 
of this class of compounds as potent hormones and 
anti-hormones, they also proved to be quite useful 
in the comparative mapping of the PR and the GR 
[31, 32]. Indeed, the demonstration was made that 
these receptors must possess a large hydrophobic 
pocket within the hormone-binding site, able to 
harbour 1 l/?-substituents as bulky as a biphenyl or 
t-butyl group. By comparing various alkyl- and 
aryl-substituted compounds we could deduce that 
there was a major difference in the section of the 
hydrophobic pockets of the PR and the GR in the 
vicinity (about 3 A above) of C-l 1. Whereas this 
section was very narrow for the PR, being just able 
to accomodate 'flat' substituents such as vinyl or 
phenyl which are predicted to eclipse the G r C,, 
bond, it was much wider for the GR [31 J. In this 
case, a substituent as bulky as t-butyl still could fit 
into the binding site, as demonstrated by the signifi- 
cant affinity for the GR or RU 38502 (21, Table 2). 



This compound however displayed a greatly 
reduced binding to the PR. These results tend to 
demonstrate that while it is possible to design 
1 1 ^-substituted oestradienones with a selective 
affinity for the GR, the reverse is much less evident, 
as any 1 1 ^-substituent which fits in the hydro- 
phobic site of the PR will also fit in the correspond- 
ing site of the GR, Compounds 22 and 24 (Table 2) 
are typical examples of such ubiquitous molecules. 
Lengthening. of the substituents as in the biphenyl, 
piperazinophenyl or phenylethynylphenyl analogue 
25, 26 and 27, showed that the pockets of GR and 
PR have similar depths and that no dissociation can 
be expected on this parameter. 

One further observation which was made is 
that in this 1 l/?-substituted 1 9-norsteroid series, 
17a-substitution was much less critical than in the 
ll/?-hydroxyandrostane series (compare 29 and 10 
in Table 2), implying either an overwhelming 
weight of the lipophilic 1 1 ^-substituent or a differ- 
ent positioning of the 17a-alkynyl group in the two 
series. Curiously, inversing the 17 configuration 
(compare 29 and 30, Table 2) greatly reduced PR 
binding, a result which is reminiscent of the preg- 
nane series. The very weak affinity of the 11/?- 
hydroxy oestradiene derivative 28 for the GR may 
indicate that indeed the site in the GR associated 
with the /?-face of the steroid is hydrophobic, an 
angular methyl group at 10/? being necessary for 
1 lyS-hydroxysteroids to bind. 

19-aryl androstanes 

In fact, if we turn our attention to the superimposi- 
tion of compounds 11 and 21 (Table 2), it appears 
that the 10/?-methyl group of the former and the 
t-butyl group of the latter might protrude into the 
same hydrophobic pocket of the GR. For the PR 
such a large site does not seem available as deduced 
above, and also from the fact that 1 9-norprogestins 
display much higher RBAs than progesterone 
(compare progesterone, nor enones and nor di- 
enones) [7], 

With these elements in mind it seemed pos- 
sible to design a compound endowed with a specific 
affinity for the GR, either by attaching a bulky sub- 
stituent to the 1 Imposition or to the 1 Opposition. 
To this end, we imagined that introducing a benzyl 
group at 10/? would bring the aromatic ring into the 
'1 1 /3-pockef of the GR, while it would be too bulky 
to fit in the corresponding site of tne PR. This was 
indeed what happened: 31 and 32 (see Table 2) 
bound specifically to the GR. It should be 
mentioned that this type of compound acted as a 
glucocorticoid antagonist in vitro [33]. Other 10/3- 
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substituted compounds such as 33, 34 and 35 
(Table 2) also displayed remarkable affinities for the 
GR. Interestingly, the smaller R groups, methyl and 
ethyl were associated with the lowest GR binding as 
well as with some affinity for the PR. 

Surprisingly, compound 38 which has both a 
10/?-benzyl group and a 1 1 /?-hydroxyI substituent, 
did not display any affinity for the GR in spite of the 
fact that the calculated conformation of the benzyl 
group did not differ significantly from what it is in 
the parent compound 31. We have so far no con- 
vincing explanation for this result. 

tOp- 1 Ifi cydized compounds 

Recently, the Schering AG group disclosed the 
cyclization of 10/J-benzyl derivatives of the type 
discussed in the previous section, leading to com- 
pounds in which the aromatic ring was attached 
both to C-ll and C- 19 [34, 35]. The claim that 
these compounds are potent anti-progestins was 
somewhat surprising with regard to our analysis of 
GR/PR specificity. Although molecular models 
showed that cyclization would bring the aromatic 
ring back to an orientation close to that found in the 
1 l^aryl oestradienone series, the bridging to C- 1 9 
was expected to reduce PR binding. In addition, 
another feature of this type of compound was of 
interest to us: by 'freezing' the conformation of the 
aromatic ring it would allow the mapping of the 
hydrophobic pockets of the GR and the PR with the 
meta substituent. Indeed, we had previously shown 
[31] that in the 1 1^-aryl series, displacement of the 
para substituent of the aromatic ring to the meta 
position would result in a significant dissociation in 
favour of the GR. However, there were two possible 
orientations of the meta substituent: over the plane 
of the steroid or away from it, in what one could call 
endo and exo arrangements. The compared results 
of 39 and 40 (Table 2) show that, while GR binding 
is unchanged, PR binding is highly affected by the 
orientation of the methyl group. This allows us to 
define with some more detail the outline of the PR 
binding pocket, confirming our previous observa- 
tion [32] that it does not extend significantly over 
C-19 of the steroid but rather towards C-18. 

Modification of the A-ring 

As pointed out at the beginning of this paper, 
steroids with an aromatic A-ring barely interact 
with receptors other than the ER. Introduction of 
lipophilic 1 1/J-substituents dramatically alters this 
situation: when RU 486 is aromatized, the resulting 
compound 4i; (7'able 2), still displays high affinity 
both for the GR and the PR. Replacement of the 



Fig; I 

Superimposition of compounds 20 and 42 (dashed 
line) 




' . Fi g ; 2 

Superimposition of compounds 44 and 45 (dashed 
line) 

The distance between the I' carbons of the two phenyl groups 
"on the pyrazoles is 3.2 A. 




3-0 H group by a methoxy, as in compound 43 also 
greatly affects binding, suggesting that a hydrogen 
bond might be involved. Superimposing the C and 
I.) rings with the corresponding rings of the aro- 
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matic analogue, showed that the respective oxygens 
at position 3 were separated by about 4 A (Fig, 1). 
This implies that the hydrogen bonds at 0-3 for the 
two steroids, are engaged with different amino acids 
of the GR, unless one invokes an induced fit of hor- 
mone and receptor, a hypothesis which cannot be 
excluded at this time. 

'Cortivazor-type compounds 

Whereas introduction of a fused phenyl -pyrazole 
ring at positions 2 and 3 of pregnane-type corti- 
coids maintained or even improved affinities for the 
GR as in cortivazol, [36] the same modification on 
RU 38486 (20, Table 2) led to compound 45 which 
displayed a highly reduced affinity. Comparison of 
the three-dimensional structures of compounds 44 
and 45 (see Table 2) showed that the phenyl rings 
of the respective pyrazoles occupy very different 
regions of space, implying the presence of a well- 
circumscribed hydrophobic pocket (Fig. 2). 

Search for specific PR binding 

This topic will be restricted to the 1 1 ^-substituted 
oestradienone series, mainly to compounds 
designed as anti-progestins. Indeed, there are some 
clinical indications for anti-progestins, involving 
long-term treatment, in which compounds without 
an anti-glucocorticoid component would be pre- 
ferred. The most logical hypothesis to achieve this • 
goal is to design RU 486 analogues which would 
bind selectively to the PR. As seen above, many 
modifications led to a reverse selectivity, that is, a 
higher affinity for the GR than for the PR One of 
our. first attempts in the desired direction was made 
in the norpregnane series to which belong the most 
selective progestins [7]. Although a significant dis- 
sociation of the RBAs was achieved (see 46, Table 
2), the compound failed to be active as an anti- 
progestin at 3 mg/kg. However, the 17a-acetoxy 
analogue 47 proved to be quite active as an anti- 
progestin, but maintained a significant affinity for 
the GR as well as a non-negligible anti-glucocorti- 
coid activity. 

Reports by the Schering AG group that 
13a-oestradienones such as onapristone, 48 (Table 
2) [37] were dissociated anti-progestins prompted 
us to synthesize and test these compounds. In our 
hands, onapristone appeared as poorly dissociated 
at the receptor level whereas its cyclized analogue 
49 (Table 2) showed improved dissociation. Simi- 
larly, in the natural series, the 17-spiroethers exem- 
plified by compounds 50-52 displayed reasonable 
dissociations of the RBAs, a quality which was fully 
confirmed in vivo [33.38]. 



Conclusions 

From the above examples, one may like to draw a 
number of tentative conclusions, some of which 
appear quite straightforward, while others are more 
speculative in nature: (a) the necessity for more 
homogeneity in the RBA measurements, with refer- 
ence to species, organs, time and temperature of 
incubations appears to be of prime importance. 
Caution should always be exercized when compar- 
ing RBAs from different origins. Expression of all 
the receptors, especially human receptors in a single 
cell type, could be considered as a progress, with 
special relevance to predictivity for human trials, (b) 
Experience has shown that affinity -activity correla- 
tion is not always reliable, a fact which should be 
kept in mind when screening for dissociated com- 
pounds. Testing in vivo cannot be circumvented 
yet. (c) Partial 'mapping' of the PR and the GR sug- 
gests that: (i) the binding site for the relevant ster- 
oids is hydrophobic and much larger than expected 
from a tight 'lock and key 1 model; (ii) there are 
instances where hydrogen bonds can be replaced 
by hydrophobic interactions. This finding would 
make sense insofar as specific hydrogen bonds are 
more likely to occur in a hydrophobic environment, 
and (iii) mapping is limited to those regions of the 
receptor site which are accessible by substituents of 
the probe which is used (generally a steroid). The 
possibility arises that some non-steroidal com- 
pounds could bind in a very different way, for 
instance in the large hydrophobic pockets which 
have been shown to harbour the bulky 11/? and 
17a substituents. If this were true, attempts to 
superimpose very dissimilar compounds would be 
totally disconnected from reality, (d) Additional 
methods of investigations are clearly needed to 
elaborate a less blurred picture of the steroid-bind- 
ing site: affinity labelling, receptor mutations and 
three-dimensional modelling based on structures of 
homologous known proteins will hopefully come up 
with useful information, (e) The existence of a pos- 
sible second binding site has to be considered seri- 
ously especially with reference to antagonist activity. 

We thank Mrs S. Kritsch for typing the manuscript. 
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